Microstructural characterisation of a bulk, spraycast Al-Fe-Cr-Ti alloy by Enzo Liotti (7123853)
 
 
 
This item was submitted to Loughborough’s Institutional Repository 
(https://dspace.lboro.ac.uk/) by the author and is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
Microstructural Characterisation of a
Bulk, Spraycast Al-Fe-Cr-Ti Alloy.
by
Enzo Liotti
Department of Materials
Loughborough University
A Doctoral thesis submitted in partial fullment of the requirements for the
award of Doctor of Philosophy
February 2011
ii
Abstract
Microstructural Characterisation of a Bulk, Spraycast
Al-Fe-Cr-Ti Alloy.
Enzo Liotti
Loughborough University
Legislative and environmental demands are increasing the pressure on transport
industries to introduce vehicles with lower weight, greater eciency and reduced
emissions while remaining competitive. For these reason the aerospace, defence and
automotive industries worldwide are unanimous in the call for the development of
new alloys with a step-change in performance.
In the present thesis the results of the thorough microstructural and mechanical
properties investigation of a 19 kg spraycast billet of the normally nanoquasicrystalline
containing composition Al93Fe3Cr2Ti2 produced at Oxford University along with three
binary Al intermetallics: Al3Ti, Al13Cr2 an Al13Fe4 produced by suction casting in
the form of 5 mm rods at Sheeld University are presented and discussed.
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Chapter 1
Introduction
The current increasing concern for the global warming issues have strengthened the
necessity of reduction of CO2 emission and legislative and environmental demands
are increasing the pressure on transport industries to introduce `greener' eco-friendly
vehicles with lower weight and greater eciency while remaining competitive.
Under this impulse the automotive and aerospace sectors are investing enormous ef-
forts into the development of innovative materials with higher strength and lower
density. Aluminium has been already the material of choice for many application in
these sectors due to its low density, good mechanical properties, thermal and electrical
conductivity, and resistance to corrosion. However, the demand of ever-increasing per-
formance is challenging the aluminium industry to overcome the limitations connected
with the highest strength reachable with the conventional strengthening mechanisms
and raise the working temperature of Al alloys to be able to replace Ti alloys up to
temperatures of 350 C to 400 C.
The discovery of quasicrystals in a number of aluminium alloys in the 1980s opened
up the way for the introduction of a new strengthening mechanisms by dispersing
these phases within a ductile Al matrix. The advantages arising from the use of
1
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quasicrystals instead of crystalline phases are linked with the ability of the former to
accommodate dislocations but limiting their movement, which would cause the de-
struction of the quasiperiodic lattice [1]. Furthermore this behavior can be retained at
elevated temperature due to the thermal stability shown by some of the non-periodic
phases. However, an industrial application for this new class of material has not
appeared yet because of the diculties associated in scaling up from melt spun and
powder laboratory samples to a bulk production.
In the present thesis the results of the thorough microstructural and mechanical
properties investigation of a 19 kg spraycast billet of the normally nanoquasicrystalline
containing composition Al93Fe3Cr2Ti2 produced at Oxford University along with three
binary Al intermetallics: Al3Ti, Al13Cr2 an Al13Fe4 produced by suction casting in
the form of 5 mm rods at Sheeld University are presented and discussed.
Aims and Objectives
The work has been carried out parallel and in collaboration with Oxford University
as a part of the project "Development of Bulk Nanostructured Aluminium Alloys for
High Strength Applications" founded by EPSRC with a grant (EP/E040608/1) to
Oxford University. The work done in Oxford focused on the production of the billet
and the post-production processes as well as on the characterisation of the mechanical
properties by tensile and compressive tests, while this thesis focused on the investi-
gation of the microstructure of the billet in the as-cast and processed condition and
on the study of the intermetallic standards aforementioned.
The aim of the overall project is to scale up the production of a nanoquasicrys-
talline containing alloy to demonstrate the feasibility of using spraycast for the scope.
2
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The aim of the thesis is to produced detailed information about the structure
of three of the main intermetallics generally included within the Al-Fe-Cr-Ti alloys,
to increase the understanding of the microstructure of the spraycast billet, relate
and compare it with the one obtained for the same alloy composition with dierent
techniques and form the bases the bases for a better comprehension of the mechanical
properties of this alloy family.
The objective of the present work can be summarised as follows:
 to study the intermetallics Al3Ti, Al13Cr2 and Al13Fe4 structure using high
resolution x-ray and and neutron synchrotron diraction and x-ray synchrotron
spectroscopy to produce standard reference data to use for the subsequent anal-
ysis of similar phases within the complex Al-Fe-Cr-Ti alloy;
 to probe the billet microstructure both in the as-spraycast condition and after
several heat treatments using dierential scanning calorimetry (DSC), scanning
and transmission electron microscopy (SEM, TEM) coupled with energy disper-
sive spectroscopy (EDS), and selected area diraction (SAD) and synchrotron
based technique such as x-ray powder diraction (XRD), -x-ray diraction
(-XRD) and extended x-ray absorption ne structure (EXAFS);
 to investigate the mechanical properties of the bulk material and the intermetal-
lic alloys using Vickers hardness and nanoindentation and tensile and compres-
sive testing.
Thesis structure
This thesis is divided in the following chapters:
Chapter 2 is a review of the literature regarding in general the nanoquasicrystalline
Al alloy and specically the Al-Fe-Cr-Ti family along with a detailed description
of the main phases present in this alloy;
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Chapter 3 describes the materials studied and the methodologies employed with
particular emphasis on the synchrotron techniques
Chapter 4 contains the analyses carried out on the Al3Ti, Al13Cr2 and Al134Fe4
intermetallics and the discussion of the results obtained;
Chapter 5 includes all the work accomplished on the Al93Fe3Cr2Ti2 billet including
an analysis of the tensile and compressive tests performed at Oxford University
and the discussion of the results;
Chapter 6 include the conclusions of this work;
Chapter 7 contains suggestions for further work.
Publications
The results of part of the analysis has been already published in the following con-
ference and journal papers:
1. High-resolution synchrotron X-ray diraction studies of size and strain eects
in a complex AlFeCrTi alloy, S.C. Hogg, E.Liotti, C.A. Kirk, S.P. Thompson,
J.E. Parker and P.S. Grant, Diamond Light Source Proceedings, vol. 1, e133,
page 1-4, SRMS-7 2011.
2. -EXAFS and -XRD study of selected regions of a AlFeCrTi complex alloy,
E.Liotti, S.C. Hogg, C.A. Kirk, P. Quinn and P.S. Grant, Diamond Light Source
Proceedings, vol. 1, e132, page 1-3, SRMS-7 2011.
3. Spray Forming of Bulk Ultrane-Grained Al-Fe-Cr-Ti, C. Banjongprasert, S.C.
Hogg, E.Liotti, C.A. Kirk, S.P. Thompson, J. Mi and P.S. Grant, Metallurgical
and Materials Transaction A, 41A, 32083215, December 2010.
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4. An investigation of a Al-Fe-Cr-Ti alloy produced in bulk form by spraycasting,
E. Liotti, S.C. Hogg, C. Banjongprasert, I.G.Palmer and P.S. Grant, ICAA 11
conference, Aachen 2008.
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Literature Review
2.1 The aluminium market
Despite being a newcomer amongst the common metals, due to its relatively recent
commercial preparation, aluminium has been the most utilized non-ferrous metals
for a few decades and its world production has continued to grow since the rst
commercialization (gure 2.1(a)). Figure 2.1(b) shows how just in the last 25 years
the primary aluminium production has increased more than two times and the trend
seems to not change.
(a) (b)
Figure 2.1: (a) World metals production from 1980 until 1998, US Census Bureau [2]. (b)
World aluminium production from 1973 until 2009, IAI [3].
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Figure 2.2: End-use market of the aluminium products in Europe (2006), US and China
(2002). Source EAA [4] and Hunt [5].
The wide use of aluminium in several dierent industrial sectors is surely due to its
characteristic combination of lightweight, good mechanical properties, thermal and
electrical conductivity and resistance to corrosion. In gure 2.2 the end-use market
of the aluminium products in Europe in 2006 and in the U.S. and China in 2002 is
shown. Applications range from the building and transport industries to packaging,
domestic equipment and electrical sectors. The gures also show that the transport
industry is one of the main markets and it has become more predominant in recent
times.
The transport industry
Aluminium is the material of choice for many applications within the transport in-
dustry. In the automotive sector it is used to produce chassis, auto-bodies and many
structural components and its utilization has been growing in the recent past. For
7
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example, in the United States the average amount of aluminium in an automobile has
risen from 8 kg per vehicle in 1971 to 90 kg in 1994 and 130 kg in 2004. Similarly in
Europe grew from about 100 kg in 2000 to 150 kg in 2005 and is predicted to increase
to 200 kg by 2015.
In the aerospace industry aluminium is still the dominant structural material
employed in passenger aircraft, however the constant aim of weight reduction and in-
creasing mechanical requirements has brought the aluminium industry to face strong
competition from alternative lightweight materials such as composite or Ti alloys. For
example the BOING 747 structure was 81% aluminium, whereas the 787 BOEING
employs only 20% with 50% of composites material and in the AIRBUS A380 the
contains is 61% of aluminium and 21% of composites.
Lightweight has been the key factor driving the use of aluminium in the transport
industry because of its direct eect on fuel consumption and cost eectiveness. The
global warming issues have strengthened the necessity of reduction of the CO2 emis-
sion. According to International Energy Agency (IEA) research, the transportation
sector is responsible for close to 20% of man-made greenhouse gas emissions [6]. The
reduction in the mass of vehicles can signicantly improve fuel eciency, reducing en-
ergy consumption and greenhouse gas emission and this reduction can be achieved by
increasing the amount of aluminium usage in vehicles instead of heavier materials [7,8].
Notwithstanding, in order to full this objective new challenges for the aluminium
industry are emerging. It is clear that future application, especially in the aerospace
sector, will require increased mechanical properties and higher working temperature.
The use of conventional strengthening mechanisms such as solid solution, precipi-
tation, grain size renement and dispersion hardening, which have allowed such a
widespread utilization of aluminium, seems to have reached an upper limit of tensile
fracture strength of about 600MPa to 700MPa. Furthermore, the maximum working
temperature for the best high temperature aluminium alloys (2xxx and 7xxx series) is
8
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relatively low if compared to Ti alloys. It is for these reasons that the transport indus-
tries are unanimous in the call for the development of new alloys with a step-change
in performance.
2.2 Beyond the traditional Al alloys: rapid solidi-
cation processing and novel materials
The service demands for improvements in the properties of engineering materials has
stimulated an interest in new compositions produced by a number of novel meth-
ods. Pushed by these demands, rapid solidication has been employed as a means of
producing entirely new ranges of alloys having mechanical and corrosion properties
superior to those obtainable by conventional ingot metallurgy practices. Since the
1960s new classes of materials have been developed including amorphous alloys.
The use of rapid solidication extends the solid solubility of elements in aluminium
and leads to the formation of metastable phases with high thermal stability [9,10]. RSP
also has several desirable eects on microstructure. A ne, stable grain size can be
achieved which can be retained during subsequent processing due to the presence of
second-phase particles at the grain boundaries. Finally, the scale of the microstruc-
ture is so ne (nanoscale) that the alloys are chemically very homogeneous. These
contribute to enhance the strength and corrosion resistance. Most of the RSP alu-
minium alloys that have been studied are based on the Al-Fe system. Examples are
Al-8Fe-4Ce (Alcoa), Al-8Fe-2Mo (Pratt & Whitney) and Al-8.5Fe-1.3V-1.7Si. The
main role of the other elements is to alter the kinetics of precipitation that normally
occur in the binary Al-Fe system. However, commercial interest in these RSP alloys
has declined because of their low level of fracture toughness and progressive decrease
in ductility when stressed at slow strain rates at elevated temperature. These eects
are the greatest in alloys with ne microstructures and may arise from enhanced
9
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diusion of solute atoms along grain and sub-grain boundaries. Figure 2.3 shows a
comparison between two conventional Al alloys for high temperature application and
some RSP alloys. The latter exhibit a considerable higher strength above 100 C.
Other examples are: the Al-10Zn-3Mg-2Cu-1.7Mn-0.2Cr, exceeding 800 MPa of ten-
sile strength and 4% of elongation and the Al-3.5Li-1Cu-0.5Mg-0.5Zr (Allied-Signal
Inc.) with a density of 2.47 g cm 3, an elastic modulus of 80.6 GPa, a tensile strength
of 595 MPa and an elongation of 8.8%.
Figure 2.3: Elevated temperature properties of RSP alloys compared with ingot alloys
7075 and 2219. The specic strength to equal the titanium alloy Ti-6Al-4V is shown as a
dotted line [9]
Amorphous alloys were the rst which had been studied and since 1960, when the
rst amorphous phase was produced in the Au-Si system by rapid solidication [11].
Glassy metals have attracted a great interest especially because of their strength and
stiness, much higher than their crystalline counterparts. Another advantage is that
their coecient of thermal expansion is generally lower than values for conventional
crystalline alloys. The presence of an amorphous phase in aluminium alloys was
rst observed in rapidly solidied binary systems with metalloid and transition metal
elements in which there was coexistence with a crystalline phase. The formation of
completely amorphous alloys was rst achieved in the Al-Fe-B and Al-Co-B systems [9].
The amorphous alloys obtained by melt spinning can be divided into two kinds of
10
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metal metal and metal metalloid systems [12]. Among these alloy groups, both AlL-
nTM and AlETMLTM (Ln=lanthanide, TM=transition metal, ETM=IV-VI group
transistion metal, LTM=VII and VIII group transition metal) systems are more im-
portant because of the achievement of higher tensile strength. Examples include the
Al-7La-5Ni (at%), which reaches tensile strength exceeding 1000MPa maintaining a
good ductility and the ribbon AL-8Ni-2Y-2Mn, which has recorded a tensile fracture
strength as high as 1470MPa. Despite their outstanding strength, the amorphous Al
alloys have not yet reached commercial applications mainly because of their extreme
brittleness. Another impediment is the limit of maximum sample size due to the
diculties in obtaining a bulk amorphous single phase alloy in Al-based alloy system
by any kind of casting methods because of its relatively low glass-forming ability [1].
2.3 Quasicrystals and new strengthening mecha-
nisms
In classical crystallography a crystal is dened as a three dimensional periodic arrange-
ment of atoms with translational periodicity along its three principal axes. Thus it is
possible to obtain an innitely extended crystal structure by aligning building blocks
called unit-cells until the space is lled. Normal crystal structures can be described
by one of the 230 space groups, which describe the rotational and translational sym-
metry elements present in the structure. Quasicrystals are structures with unusual
symmetry properties and structures. Unlike ordinary crystals, their structure is not
based on a single repeating unit cell. Instead, they are like a 3-dimensional version of
`Penrose tiling', (`Penrose tiling' is the name given to a at surface covered with tiles
with no repeating pattern and 5- and 10-fold symmetries as shown in gure 2.4a),
with perfect long-range order, but with no three dimensional translational periodicity.
In gure 2.4b is shown an example of an icosahedron structure formed in an Al-Pd
11
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alloy, while gure 2.4c shown an Al-Mn icosahedron Mackay icosahedron.
 
(a) (b)
(c)
Figure 2.4: (a) Example of a Penrose tiling and (b) high-resolution TEM of a decagonal
quasicrystal in the Al70Pd13Mn17 alloy annealed at 800
C for 4 days and then quenched in
water (from gure 1 page 29, Hiraga [13]). (c) construction of the 54-atom Mackay icosahe-
dron of Al (white) and Mn (black) atoms (from gure 3a page 217, Goldman et al. [14]
Quasicrystalline particles exhibit non-crystallographic rotational symmetries while
having short range translational order without long range periodicity [14].
Although the theory of the possible existence of a non-periodic structure dates back
to the 1970s with Penrose's work [15], the rst evidence of a quasicrystalline structure
came to the light only in 1984, when Shechtman et al. presented the rst paper about
the discovery of an icosahedral phase in a rapidly solidied Al86Mn14
[16]. The obser-
vation of the 5-fold symmetry in a electron diraction pattern and the subsequent
12
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interpretation as an icosahedral phase opened the way to a considerable number
of studies on the subject and to a diatribe within the crystallography community.
Within a few years a number of metastable quasicrystals were discovered, retaining
far better thermal stability than intermetallic strengthening phases in precipitation
hardened alloys.
Whilst quasicrystal phases are formed in several Zr, Mg, Ti and Pd alloys the majority
of them are Al-based. Al-TM1 binary alloys, ternary Al-X where X= Fe+Cu, Pd+Mn,
Mn+Ce, Pd+Re, Ni+Co, Ni+Si, Mn+Fe, Cu+Mn, Cu+Co, Cu+Fe, Cu+Ni, Co+Ni
and a number or quaternary systems have been reported to form quasicrystals [1,17{19].
2.3.1 Nanoquasicrystalline containing Al alloys
The interest in nanoquasicrystalline containing alloys commenced in the 1990s when
it was shown that they could exhibit a better combination of mechanical properties
than the amorphous alloys. The nanoquasicrystalline containing alloys are materials
in which nanoscale particles of non regular crystallographic structures (quasicrystals)
are dispersed in an Al matrix. In 1992 Inoue et al. [20] reported the rst paper about a
quasicrystalline containing Al-Mn-Ce alloys prepared by melt spinning and exceeding
the strength of conventional Al alloys by a factor of 2-3.
The enhanced mechanical properties seem to be correlated with the presence of the
non periodic structure: at room temperature they can contain dislocations but their
movement is very dicult because it leads to the destruction of quasiperiodic lat-
tice [21]. The achievement of the high-strength and high-ductility icosahedral Al-base
alloys is thought to result from the combination of the following four factors [21]:
1. homogeneous dispersion of nano-scale icosahedral particles with diameters less
than 100 nm;
1TM (transition metals)= Mn, Cr, V, Ir, Pd, Pt, Os, Ru, Rh, Fe, Co, Ni.
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2. the introduction of high density of defects into the icosahedral phase leading to
the short-range atomic conguration similar to an amorphous structure;
3. the deviation of the composition of the nano-scale icosahedral phase into Al-rich
side;
4. the formation of Al matrix without grain boundaries.
Amongst the considerable number of dierent alloy systems which form quasicrystal
structures a few of them have shown the potential for engineering applications. Table
2.1 summarizes some of the alloy systems which have attracted a general interest be-
cause of their mechanical properties. These could be subdivided into: high-strength
Al base alloys containing rare earth elements, high-ductility alloys without rare earth
elements and high-elevated temperature strength containing low diusivity elements
of Fe, Cr, Ti.
In gure 2.5 the high-strength type nanoquasicrystalline containing alloys are com-
pared to the alloy 7075-T6 [22]. The Al-based nanoquasicrystalline alloys exhibit in-
creased Young's modulus, elongation, workability, toughness and elevated-temperature
strength than the present conventional Al-alloys.
Type Alloy system Structure Mechanical
Properties
Reference
High-strength
Al-Cr-Ce-M(1)
Al+Q f=565-800 MPa Inoue
[22]
Al-Mn-Ce "p=5-13% Inoue
[22], Schurack [17,18]
High-ductility
Al-Mn-Cu-M(1)
Al+Q
f=500-600 MPa Inoue [22]
Al-Cr-Cu-M(1) "p=12-30%
High-elevated
temperature
strength
Al-Fe-X(2)-M(1) Al+Q+Al23Ti9 f=350 MPa at
300C
Inoue [22]
Table 2.1: Quasicrystalline Al-based alloys produced by powder metallurgy and mechan-
ical alloying + squeeze casting. () Q:quasicrystal. (1) M: metals; (2) X: Cr, Mn, V.
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Figure 2.5: Comparison of mechanical properties of Al-based alloys with those of the
conventional 7075-T6 alloy [22].
2.4 Al-Fe-Cr-Ti family and neighbours
The interest toward the Al-Fe-Cr-Ti alloys ourished immediately after their discovery
due to their thermal stability and elevated strength at high temperature. These alloys
have been reported to be thermally stable up to a temperature around 450C and
their stability seems to derive from the presence of a quaternary icosahedral phase.
Considering their recent discovery (the rst preparation by Inoue and Kimura [21] date
only back to 1999) the amount of literature available is quite large, yet there are still
a lot of unclear aspects that need to be unveiled. Firstly, the phase identication has
been done mainly by indexing x-ray diraction (XRD) data without performing a full-
patterns tting analysis, such as Rietveld renement, and conrming the results by
transmission electron microscopy (TEM). The reliability of this method is disputable
especially because of the diculty in indexing in such complex material containing
more than one monoclinic and icosahedral phases. Secondly, although the complex
microstructure has been extensively studied, mostly by TEM, attention has been
focused almost entirely on the characterization of the quasicrystal icosahedral and
its thermal stability, neglecting some other important aspects related to the other
phases present [1,21{31]. Thirdly, the mechanical properties have been investigated by
tensile and hardness stress, however a good mechanical model that is able to describe
them is still missing. Lastly, only a few research groups have managed to produce
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industrial-scale sized samples, with the majority of others dealing with lab-scale items
such as small rods, powder or melt spun ribbons.
Table 2.2 lists the main studies and alloy composition variations published to date.
The following alloys have been investigated: Al-Fe-Cr-Ti, Al-Fe-Mn-Ti, Al-Fe-V-
Ti, Al-Fe-Cr-V, Al-Fe-Cr-Nb, Al-Fe-Cr-Ta, Al-Fe-Cr-Mn, Al-Cr-Fe-Ta-Si, Al-Fe-Cr-
Si and Al-Fe-Cr-Ti-Si.
Due to the metastable nature of the icosahedral phase, rapid solidication techniques
are required to allow its formation. Mainly four routes have been used:
Melt spinning: melt spinning is used to produce nanoquasicrystalline containing
alloys as the cooling rates achievable are extremely high 104-105 Ks 1;
Gas atomization + extrusion: powder metallurgy is a common technique used to
produce these kind of materials in rod form or small bulk samples. The mi-
crostructure diers from the melt spun material because of the extrusion step.
The size of the powder produced is normally in the range 10-150 m and inu-
ences the cooling rate;
Suction casting: it allows cooling rates at 102 - 103 Ks 1 and is suitable for producing
thin rods;
Spray casting: an industrial scale technique which allows to reach cooling rate of
102 - 103 Ks 1 and sample size up to kgs;
Mechanical alloying ( + extrusion): the resultant product is a powder composed of
a \mechanical mixture" of the pure elements but without intermetallic phases.
Subsequently the powder is extruded to produce small rods of bulk nanoqua-
sicrystalline alloys.
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Alloy Production route Reference
Al93Fe3Cr2Ti2
M (thin lm 0.02 mm) Inoue et al. [1,21{24]
G + HE (rods d=8 mm ; l=30 mm) Inoue et al. [1,21{24]
M (thin lm 0.02 mm) Galano et al. [25{27]
G + E (rods) Todd et al. [28]
G + WE (rods) Garcia Escorial et al. [29]
SU (rods 2 mm ;) Kim et al. [32]
SP (20 kg billet) Banjonprasert et al. [33]
MA, ball milling (powder) Shaw et al. [34,35]
MA + HE (rods) Shaw et al. [36,37]
G + E (rods d=23 mm) Yamasaki et al. [30]
M (thin lm) Prima et al. [31]
Al93Fe2Cr3Ti2 G + HE Inoue et al.
[23]
Al92Fe3Cr3Ti2 G + HE Inoue et al.
[23]
Al92Fe4Cr2Ti2 G + HE Inoue et al.
[23]
Al91Fe4Cr3Ti2 SP + L Gargarella et al.
[38,39]
Al92Fe3V3Ti2 M Tomut et al.
[40]
Al93Fe3Mn2Ti2 G + HE Inoue et al.
[23]
Al93Fe3Cr2V2 G + HE Inoue et al.
[23]
M Galano et al. [25{27]
Al93Fe3Cr2Nb2 M Galano et al.
[25{27,41]
Al93Fe3Cr2Ta2 M Galano et al.
[25{27]
Al92Fe3Cr2Mn3 W, CFC, M Triveno Rios et al.
[42]
Al93 xFe3Cr2Ta2Six (x=0-5) M Sahoo et al. [43]
Al95Cr3Fe1Si1 G Bartova et al.
[44]
Al93:5Cr3:5Fe1Ti41Si1 G Bartova et al.
[44]
Table 2.2: Summary of the open literature about the Al-Fe-Cr-Ti alloys and similar sys-
tems .() CFC: centrifugal force casting; E: extrusion (H: hot, W: warm); G: gas atomization;
L: surface laser remelting; M: melt spinning; MA: mechanical alloying; SP: spraycast; SU:
suction casting; W: wedge casting.
2.4.1 Microstructure
The microstructure of these alloys is strictly connected with the production technique
utilized and the cooling rate experienced by the materials during solidication. Fig-
ure 2.6 shows the variation of microstructure with the cooling rate for an Al-Fe-V-Ti
alloy produced by melt spinning, from an interpenetrating nanogranular/amorphous
and Al phase at the highest cooling rate, to a mixture of fcc-Al, icosahedral and
crystalline phases in the samples produced at lower cooling rates [40]. In general the
material is composed of an -Al matrix embedded with a large amount of metastable
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Figure 2.6: Bright eld TEM micrographs
and associated diraction patterns showing
the dependence of the microstructure on the
wheel speed and cooling rate. Wheel speed:
(a) 40 ms 1 (2.0105 Ks 1) ; (b) 20 ms 1
(1.2105 Ks 1); (c) 10 ms 1 (0.4105 Ks 1);
(d) 5 ms 1 (0.3105 Ks 1) [40].
 
Figure 2.7: Bright-eld TEM image and
nano-beam electron diraction pattern show-
ing ve-fold symmetry of the icosahedral
phase in an as-quenched Al93Fe3Cr2Ti2 al-
loy produced by melt spinning with a cool-
ing rate of 2.0105 Ks 1 (1300C, 40 ms 1).
Spherical quasicrystalline particles 20-80 nm
sized are randomly distributed in an -Al
matrix [31].
phases, up to the 50% of the volume fraction.
The as-cast microstructure of melt spun and gas atomized powder contains nano-
scale icosahedral and intermetallic particles dispersed in an -Al matrix. Depending
on the cooling rate the intermetallic second phases may or may not be present. At
the highest cooling rates (105 Ks 1) the only two phases are the Al matrix and the
quasycristals particles [21,24,25,31], yet the presence of the monoclinic -Al13(Cr,Fe)2 4
has been reported [25]. Figure 2.7 shows an example of the microstructure of a rib-
bon produced by melt spinning with a high cooling rate, the dark particles are the
icosahedral phase. The dimension of the quasicrystal particles varies between 40 nm
to 350 nm with an inter-particle spacing of 250 nm to 470 nm [21,24,25,31]. The volume
percentage of the particles is normally around 40-50%.
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A lower cooling rate allows the formation of several intermetallics reported as Al23Ti9,
Al3Ti, Al13(Fe,Cr)4, the amount of second phases ranges from 30% to 50%
[24,28,31,32].
Although the grains and particle sizes are larger than within the materials pro-
duced with the highest cooling rate, it remains in the nano-scale range. Figure 2.8
shows the evolution of the microstructure with temperature for a melt spun ribbon
Al92Fe3Cr2Ti2.
Figure 2.8: Bright-eld TEM images showing the microstructure evolution of the
Al92Fe3Cr2Ti2 alloy under dierent heat treatment :(a) as-spun state; (b) heat treated at
355C; (c) heat treated at 450 and (d) heat treated at 550C. The SAD of the icosahedral
particles showing the 5-fold symmetry is shown. (Heat treatment time:30 minutes) [26]
At a cooling rate around 103 Ks 1, reached during suction casting, the microstruc-
ture is still formed by an Al matrix containing the icosahedral phase and other dis-
persed precipitates such as the tetragonal Al3Ti and monoclinic Al13(Fe, Cr)4. The
less drastic cooling rate allows the phases to adopt distinct morphology [32]. In g-
ure 2.9 an example of the microstructure is shown. Several distinct particles are
labelled. The Al3Ti appears as rectangular plates (solid arrows), the Al13(Fe, Cr)4
has an hexagonal morphology (dotted arrows) whereas the icosahedral phase assumes
a spherical shape. The icosahedral phase is often surrounded by Al3Ti particles in-
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dicating that signicant solute redistribution of Ti occurs during the growth of the
icosahedral phase. The particle size is within the range 100-1000 nm [32]. The size dis-
tribution of the crystalline phase with rectangular morphology is more inhomogeneous
than that of the phase with hexagonal morphology. Besides this morphology there
is an homogeneous distribution of regions with irregular morphology, which form by
agglomeration of nano-scale crystals (marked with circles). These nanocrystals with
a size of 500-700 nm are surrounded by the small rectangular and hexagonal crystals.
The rectangular particles are 500-1000 nm long and 200-500 nm wide. In contrast
the size of the hexagonal ones is 100-300 nm [32].
 
Figure 2.9: SEM back-scattered electron
image of a bulk Al93Fe3Cr2Ti2 alloy pro-
duced by suction casting. Dierent phases
are evident: the Al3Ti rectangular phase
(solid arrows) and the Al13(Fe, Cr)4 hexag-
onal phase (dotted arrows). Agglomerate of
ano-scale crystals are circled [32].
 
Figure 2.10: TEM bright-eld image (a)
and selected area diraction patterns (parts
(b) and (c)) from the Al3Ti and Al13(Fe,Cr)4
phases of the bulk Al93Fe3Cr2Ti2 alloy
[32].
The extrusion of the gas atomized powder, normally performed at a tempera-
ture of 400-500C, does not cause the formation of new phases and the icosahedral
structure is retained [21,28{30], however some transformation and grain growth has been
reported to occur [28].
The use of mechanical alloying, investigated by Shaw et al. [34{37,45{47], generates
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Figure 2.11: SEM backscatter electron im-
ages of the cross-section of the as-milled pow-
der particles at the as-polished condition.
The letters indicate the major composition
at the particular location detected using EDS
attached to SEM [45].
 
Figure 2.12: The Al93Fe3Cr2Ti2 alloy af-
ter extrusion at 500C (bright-eld image),
showing an average grain size of 80 nm with
few or no dislocations [37].
a dierent microstructure compared to the one obtained with the rapid solidication
techniques. The formation of intermetallic or icosahedral phases does not occur and
the material is composed only by nano-scale -Al grains with the other alloying
elements present in solid solution or in element rich particles (see gure 2.11) [45]. The
grain size remains within the range 6-45 nm even after a milling time of 30 hours.
The thermal stability has been tested by holding the material isothermally for 1 hour
at dierent temperature [45]:
 at 300C coarsening does not occur and there is not formation of new phases;
 at 330C the grains start to grown (6-70 nm) and metastable orthorombic Al6Fe
forms;
 at 370C tetragonal Al3Ti forms;
 at 500C new phases start to develop and the microstructure is composed: Al3Ti
+ Al6Fe + Al13Cr2 + Al13Fe4;
 at 550C metastable Al6Fe disappears;
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The grain size changes little below 300C, starts to increase gradually above 300C,
exhibits a large jump above 500C, and nally stabilizes at about 40 nm up to a
temperature of 600C.
Extrusion of the as-milled powder causes a modication of the microstructure, which
is composed by three phases: -Al solid solution, Al13Fe4 and Al3Ti. During extrusion
the Al grains grow up to an average size of 80 nm and the intermetallic particles are
slightly smaller than the Al grains. The volume fraction of the intermetallics is around
30% [37].
The literature data regarding the phase composition of the Al93Fe3Cr2Ti2 produced
by dierent processes and in diverse conditions are summarised in table 2.3.
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2.4.2 Intermetallic phases
The Al-Fe-Cr-Ti alloys contain a large amount of intermetallic particles up to 50 vol%
including binary, ternary and quaternary phases. A full knowledge of the properties
of these components is a key factor for understanding the Al-Fe-Cr-Ti alloy. The
Al-Ti phases includes the tetragonal Al3Ti and Al23Ti9. Amongst the Al-Cr phases
there are Al13Cr2 and Al8Cr5, while the Al-Fe intermetallics are Al13Fe4 and Al6Fe.
Finally the icosahedral phase which has been reported to contain Al, Fe, Cr and Ti.
In the following section each intermetallic will be described in terms of its crystal
structure, properties and thermodynamic stability.
2.4.2.1 Al3Ti
The Al3Ti is part of family of binary compounds often referred to as trialuminides.
The family has the general formula Al3X(X = Ti, Zr, Hf, V, Nb, Sc or Ta) and they
crystallize with the cubic L12 (Pearson symbol cP4 ) structure, the tetragonal D022
(tI8 and tI32 ) or related D023 (tI16 ) structures
[48]. These intermetallics frequently
exist as line compounds, making it dicult to produce them as phase-pure material.
Al3Ti crystallizes with a tetragonal structure with two crystalline modications of
the D022, however the tetragonal D023 and the cubic L12 forms are stabilized by
alloying [48{50]. Rapid solidication enhances the formation of the metastable L12
structure [51] and all four structures can be obtained by mechanical alloying followed by
heat treatment according to the phase evolution sequence: L12!D023!D022 variant
(Al24Ti8)!D022 [52].
Tetragonal D022 Al3Ti Figure 2.13a shows the Al-Ti phase diagram in the
aluminium rich region between 50-80 at% Al, the Al3Ti phase appears at 75 at% Al
and shows a noticeable but narrow homogeneity range at high temperature and it has
been observed as single phase in the alloys with 74.5 to 75 at% of Al [51].
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(a) (b)
Figure 2.13: (a) Al-Ti Phase diagram detail of the Al-rich region. (b) Schematic partial
phase diagram Ti-Al in the region around the polymorphic phases Al3Ti (h) and Al3Ti
(l) [51].
The homogeneity range decreases at lower temperatures, which leads to the precipi-
tation of Al11Ti5 from Al3Ti
[51] (see gure 2.13b). At lower temperatures, Al3Ti (h)
(high temperature structure) transforms into Al3Ti (l) (low temperature structure)
but this reaction is sluggish and incomplete probably due to very slow diusion kinet-
ics [50,51,53,54]. The transformation from the high temperature to the low temperature
structure can be described as follows:
 peritectoid: Al2Ti + Al3Ti (h) 
 Al3Ti (l)
 metatectic: Al3Ti (h) 
 Al3Ti (l) + liquid
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The temperature for the polymorphic transformation from Al3Ti (h) to Al3Ti (l) has
been found to be around 735C for the Al-rich side of the Al3Ti region and 950C for
the Ti-rich one [51] (gure 2.13b). The chemical composition of the low-temperature
modication of Al3Ti does not dier from that of the high-temperature modica-
tion [54] and the Al3Ti modications cannot be distinguished by optical or scanning
electron microscopy. These similarities have made the study of the two structures
dicult and misleading with several names given to the same phase. The rst re-
port of this low temperature structure dates back to 1965 in a work by Raman and
Schubert [53], they rst called this compound Al23Ti9. Subsequently Loo et al.
[54]
discovered a modied structure of the Al3Ti phase, which was described as a super-
structure of "Al3Ti" which the unit cell parameter, c, four times that of the unit cell
reported by Raman et al. [53], thus containing 8 molecules/cell (tI32 ). To obtain this
superstructure from the D022 structure it is necessary that each second unit cell in the
D022 be shifted by the vector 1/2(a+b) in the (001) plane. The lattice parameters of
this phase, which was denoted as Al24Ti8, resembled closely those of the compound
Al23Ti9 as given by Raman and Schubert. Braun et al.
[51] conrmed the presence of
this structure and simply named it Al3Ti (l).
The Al3Ti has very little o-stoichiometry and is formed via a peritectic reaction
therefore any remaining liquid, equilibrium or not, ultimately solidies via another
peritectic reaction, slightly above the melting point of aluminium:
 Al3Ti + liquid ! Al(solid)
Thus, polycrystalline specimens prepared by usual ingot metallurgy methods normally
contain a small volume fraction of dispersed secondary phase, mostly aluminium.
Finally Karpets et al. [50] reported that the formation of this phase could be initiated
by shear strains during grinding.
26
Chapter 2. Literature Review
The D023 structure of Al3Ti and the eect of Zr The Al3Ti and Al3Zr
have a D022 and D023 structure respectively. The partial substitution of Ti with Zr
in the tetragonal D022 (tI8 ) Al3Ti increases both the lattice parameters, and when
at least the 25% of the Ti atoms are substituted by Zr the D023 structure can be
stabilized instead of the D022
[50].
L12 variation of Al3Ti Ab initio quantum mechanical calculations have shown
that, for the transition metal trialuminides dominated by the hybridized bonding be-
tween the transition metal d and the aluminium p electrons, the stable crystal struc-
ture will be the one which has the maximum band-lling of the bonding states [49].
The Sc and Ti trialuminides, which crystallize into the L12 and D022 structure respec-
tively are an example. However, if the Sc in the Al3Sc is replaced with Ti there is no
change in its crystal structure, a portion of the non-bonding states also become occu-
pied since Ti has one more electron than Sc, and thereby the L12 structure becomes
unstable relative to the D022 structure. This implies that if Ti can be electronically
converted in the direction of Sc, the L12 structure can be stabilized in Al3Ti. The
conversion can be completed if an appropriate number of d electrons are removed
from the Ti sites. The removal of d electrons from Ti sites can be accomplished by
decreasing the charge transfer from Al to Ti, that is, by replacing an appropriate
amount of Al with other less electro-positive elements which act as electron acceptors
and thereby suppress the charge transfer from aluminium to titanium. This suggests
that the crystal structure of Al3Ti can be changed to the L12 structure by alloying
with elements such as late periodic transition metals. In fact a series of ternary cubic
L12 trialuminides based on Al3Ti have been known to be formed by substituting some
of the Al with Fe, Ni, Cu, Zn, Mn, Cr, Co, Nb, Rh, Pd, Ag, W, Pt and Au [49]. Thus,
fourth-period elements ranging from Cr to Zn, fth-period elements from Rh to Ag
and sixth-period elements such as Pt and Au are the elements which are known so far
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to stabilize the L12 structure in Al3Ti-based trialuminades compounds. They are all
transition metals and their L12 stabilization eects may be qualitatively understood
in terms of the model based on charge transfer from titanium to transition metals
that are on Al sites. The geometric centre of the single-phase eld of the observed
L12 phases is, in general, said to be (Al, M)3Ti or (Al, M)72Ti28, which has an excess
of Ti [55]. M in the (Al, M)3Ti and (Al, M)72Ti28 does not necessarily mean a single
substitutional element. Quaternary and even quinary L12 compounds exist. For ex-
ample, the Cr-, Mn- and Fe-modied L12 trialuminides exhibit continuous solubility
in each other [56]. However, the maximum concentration of substitutional elements in
the L12 phase is in the range 4-12 at%, regardless of the number of substitutional
elements [49]. Several parameters of the element M, such as electron-to-atom ratio, lat-
tice constant of the L12 phase, Pettifor's Mendeleev number and atomic radius, have
been plotted against the amount of element M in the L12 phase. The best correlation
was found to be between the amount of element M in the L12 phase and the shortest
distance between atoms of the element M in its pure structure. This seems to suggest
that the simple charge transfer model may not be enough to describe quantitatively
the observed L12 stabilization eects of ternary alloying additions. In table 2.4 some
of the main Al-Ti-X alloys are listed.
Crystal structure
In gure 2.14 the four structures D022 (and the superstructure), D023 and L12 are
shown. The D022 and D023 are long-period superlattices derived from the L12 struc-
ture, the former by introducing an antiphase boundary (APB) with a displacement
vector 1/2h110i on every (001) plane, whereas the latter by introducing the APB
on every second (001) plane [48,49] (see gure 2.15(a-b)). The D022 superstructure is
instead obtained by shifting each second unit cell in the D022 by a vector 1/2(a+b) .
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System Phase a(A) Reference
Al-Ti-Cu Al5CuTi2 3.927 Tarnacki
[57]
Al-Ti-Cr
Al67Cr8Ti25 3.957 Zhang
[58]
Al66Cr9Ti25 3.957 Zhang
[58]
Al67Cr8Ti25 3.960 Mabuchi
[59]
Al67Cr8Ti25 - Mikkola
[60]
Al-Ti-Mn
Al67Mn8Ti25 3.957 Zhang
[58]
Al67Mn8Ti25 - Mikkola
[60]
Al-Ti-Fe
Al66Fe9Ti24 3.957
Al63:5Fe8:75Ti25 3.93 Seibold
[61]
Table 2.4: Some of the ternary cubic trialuminades based on the Al3Ti.
Figure 2.14: (a) the L12, (b) D022, (c)
D023 and (d) superstructure of D022 (Al3Ti(l)
structures [52]. () Ti, () Al.
Figure 2.15: Structural relationship be-
tween (a) the L12 structure, (b) the D022
structure, (c) the D023 structure and (d) the
D022 structure with an APB on (001)
[49].
D022 The Al3Ti(h) has a tetragonal body centred structure, space group I4/mmm.
The tetragonal unit cell consists of two primitive cells. All atoms are located on the
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sites of a slightly tetragonally deformed face-centred-cubic (fcc) lattice. The elemen-
tary cell consists of two fcc units stacked along the z-direction (see gure 2.16). The
D022 structure may be considered as a superstructure of the simple cubic L12 cell. In
the z=0 plane the vertices of the cubic lattice are occupied by titanium atoms and the
face-centres by aluminum atoms (gure 2.16(a)). In the z=0.5 plane the arrangement
is exactly the opposite. The planes z=0.25 and z=0.75 are occupied by aluminum
atoms only.
(a) (b) (c) (d)
Figure 2.16: Al3Ti D022 structure drawn using the software Jmol using the lattice param-
eters given by Karpets et al. [50]. (a) The unit cell and (b-d) the rst shell of the dierent
atom positions are shown.
As shown in table 2.5 in the elementary cell there is one titanium crystallographic
site (Wycko notation 2a) and two aluminum sites Al1 (2b) and Al2 (4d). Each
titanium atom has 4 Al1 neighbours and 8 Al2 neighbours. Al1 neighbours are located
in the (x; y) plane at z=0 on vertices of a square centered by the titanium atom with
the opposite arrangement at z=0.5. Considering only nearest neighbours the point-
group symmetry of the titanium-site would be Oh, but nonequivalent neighbours from
the second and higher shells reduce the point-group symmetry to D4h. An Al1 atom
has 4 titanium neighbours situated on the vertices of a square and 8 Al2 neighbours
forming a tetragonal prism centered by the Al1 atom. Al2 has four Al2 neighbours
in the (x; y) plane forming together a square grid of aluminum atoms. Al2 has also
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4 Al1 and 4 titanium neighbours, both with tetrahedral coordination. In summary,
the titanium atom has 12 aluminum nearest neighbours, both aluminum atoms have
4 titanium neighbours and 8 aluminum neighbours in the rst coordination shell.
This structure can be also viewed as a stacking of two types of tetragonal planes (see
gure 2.17). The plane A consists of Al1 and titanium atoms occupying vertices of a
square network, the plane B consists of Al2 atoms only. The stacking of the planes
is ABA'BA..., where A' is a the A plane shifted horizontally with respect to A by a
half of a square diagonal.
Figure 2.17: (a) Stabilized L12 structure
of Al3(X) where X is the appropriate alloy-
ing element; triangular (T) ordering, (b) D022
Al3Ti; rectangular (R) ordering and (c) D023
Al3Zr; mixed triangular-rectangular (T-R) or-
dering.
Atom x y z
D022 (tI8)
2 Al1 in 2(b) 0 0 0.5
4 Al2 in 4(d) 0 0.5 0.25
2 Ti1 in 2(a) 0 0 0
D022 superstructure (tI32)
[50]
4 Al1 in 4(c) 0 0.5 0
4 Al2 in 4(d) 0 0.5 0.25
4 Al3 in 4(e) 0 0 0.1875
4 Al4 in 4(e) 0 0 0.4375
8 Al5 in 8(j) 0 0.5 0.375
4 Ti1 in 4(e) 0 0 0.0625
4 Ti2 in 4(e) 0 0 0.3125
D023 (tI16)
[50]
4 Al1 in 4(c) 0 0.5 0
4 Al2 in 4(d) 0 0.5 0.25
4 Al3 in 4(e) 0 0 0.361
4 Zr1 in 4(e) 0 0 0.122
L12 (cP4)
3 Al in 3(c) 0 0.5 0.5
1 Ti in 1(a) 0 0 0
Table 2.5: The atom positions for all the
four structure of Al3Ti are listed accorded
to the description given by Karpet et al. [50].
For each position the Wycko notation is re-
ported.
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D023 The D023 is tetragonal with space group I4/mmm. Al3Zr typically crystal-
lizes with this structure [62] and the Al3Ti assumes this structure when some of the Ti
atoms are substituted with Zr [50]. The D023 structure is represented in gure 2.18. On
the z=0, z=0.5 and z=1 planes there are four Al1, one each side of the tetrahedron.
On the z=0.125 and z=0.875 planes there are four Ti atoms and an Al3 in the centre.
The planes z=0.250 and z=0.750 are occupied by four Al2, while z=0.375 accommo-
dates four Al3 and a Ti. The Al rst shells are similar for the three positions and
include eight Al and four Ti/Zr, yet their distribution is dierent. Al1 sees four other
Al1, four Al3 and four Ti/Zr and the equivalent atoms lay on three perpendicular
planes (001), (010) and (100). Al2 sees four Al2, four Al3 and four Ti/Zr, however,
their distribution diers from the one of Al1 because the equivalent atoms do not lay
on the same planes. Al3 nearest neighbours are four Al2, four Al1 and four Ti/Zr.
The Ti/Zr see twelve Al, four Al1, Al2, Al3 dislocated on three parallel planes (001).
The layers stacking sequence can be summarized in ABAB'AB'ABA...where B' is the
B plane shifted horizontally by a vector [1/2, 1/2, 0].
The substitution of the Zr with Ti in the D023 structure creates an elongation of
the cell along the z axis [50]. The positional parameters x=a and y=b remain unchanged
for all the atoms in the cell whereas only the positional parameter z=c for Al1 and
Al2 atoms did not change . For the Al3 atom z=c increased and for Zr(Ti) atoms this
parameter increased as well.
L12 The L12 crystal structure is similar to the D022 structure, but crystallises
in the higher symmetry space group of Pm3m, with all atoms located on the sites
of a face-centred-cubic lattice (see gure 2.14). Titanium atoms are located on the
vertices of the cubic lattice, aluminum atoms occupy the face centers. In contrast
to the D022 structure there is only one Al site (3c) and one titanium site (1a). Alu-
minium has 12 nearest neighbours, 8 aluminium, and 4 titanium atoms; titanium 12
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Figure 2.18: Al3Zr D023 structure drawn using the software Jmol using the lattice pa-
rameters given by Ma et al. [62]. The Al3Ti assumes this structure when at least the 25%
of the Ti atoms are substituted by the Zr. The unit cell and the rst shell of the dierent
atom positions are shown.
equivalent aluminium nearest neighbours. The total number of nearest neighbours
around aluminium and titanium atoms is the same as in the D022 structure. A no-
table dierence between both structures is that all nearest-neighbor Al-Ti and Al-Al
distances are the same and that the point-group symmetry of the titanium site is
exactly Oh . L12 structure can be viewed as an ABAB... stacking of the same A and
B planes as in the D022 structure.
2.4.2.2 Al7Cr
The Al-Cr phase diagram on the Al-rich side has numerous intermetallic compounds
forming a chain of peritectic reactions. Figure 2.19 is the reported phase diagram
by Okamoto [71] and in table 2.10 the main phases of the Al-rich side are listed. The
Al-rich side contains three compounds: Al7Cr (also called Al13Cr2 and Al45Cr7),
Al5Cr (also Al11Cr2) and Al4Cr. The crystal structure of these compounds has been
reported to be monoclinic, however some studies have reported Al5Cr and Al4Cr to
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Al (at.%) Homogeneity
range/Existence
Synthesis
method (*)
a(A) c(A) (c/a) Reference
Tetragonal I4/mmm D022 (tI8)
75 74.5 - 75 at 1200 C/
HT phase 950C Ti-rich
735C Al-rich
A 3.849(1) 8.609(1)
(4.305)
1.118 Braun [51]
75.1 - A 3.853(1) 8.587(2) - Milman [50]
- - C 3.8537 8.5839 - Norby [63]
- - A; P 3.846 8.594 - Sridharan [64]
- - - 3.836 8.579 2.2364 Brauer [65]
- - A + ? 3.851 8.610 2.2358 Maas [66]
- - A 3.840 8.590 2.2370 Hansen [67]
- - S(**) 5.436 8.596 1.581 Yamauchi [68]
- - A+P 5.440 8.585 1.578 Schuster [69]
- >600C A+P 3.849(4) 8.610(8) 2.237 Loo [54,70]
- HT 1h 1000 M 3.849 8.606 2.2368 Lee [52]
Tetragonal I4/mmm D022 superstructure (tI32)
76 75/ RT phase 950C Ti-
rich 735C Al-rich
A 3.877(1) 33.828(2)
(4.229)
1.091 Braun [51]
- <600C (Al24Ti8) A+P 3.875(4) 33.84(4)=
48.46
42.183 Loo [54,70]
- (Al23Ti9) - 3.85 33.46=
48.365
42.173 Raman [53]
- HT 1h 800C (Al24Ti8) M 3.866 33.782 81.1184 Lee [52]
Tetragonal I4/mmm D023
- HT 1h 400C M 3.914 16.633 41.0624 Lee [52]
- HT 1h 600C M 3.904 16.775 41.0742 Lee [52]
Cubic Pm3m L12 (cP4)
85 75/ metastable by splat
cooling
A 3.972(1) - - Braun [51]
- RT; HT 1h 300 M 3.991 - - Lee [52]
Table 2.6: Lattice parameter of all the structures of the Al3Ti phase. (*) A: arc melting; P:
powder techniques; C: Czochralski method; S: sputtering; M: mechanical alloying (**):lms
; (***) data valid for the substructure
be orthorombic and hexagonal [72] respectively and an icosahedral structure for the
Al7Cr and Al4Cr
[72].
The Al7Cr phase is also called Al13Cr2 and Al45Cr7 due to the uncertainty of its
stoichiometry reported by several studies [73,74]. At equilibrium the composition is in
the range 12-14 at% Cr and its formation can occur by direct solidication from the
liquid or by both eutectic and peritectic reactions. The eutectic reaction occurs at
656C, the liquid transform in Al and Al7Cr [74]. The peritectic transformation of
Al7Cr into L+Al11Cr2 occurs at 799
C and the liquidus temperature is 1023C at
14at% Cr [74].
Depending on alloy composition, degree of superheating, and cooling rate, rapid so-
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Figure 2.19: Al-Cr Phase diagram [71].
lidication of Al-rich alloys can result in suppression of peritectic reactions to form
supersatured solid solutions or, alternatively, to form a metastable icosahedral i-
phase [73]. In alloys quenched at cooling rates on the order of 500 C s 1 from either
the single-phase liquid eld or from a two-phase L+compound phase eld, equilibrium
peritectic reactions are suppressed or delayed. Thus, Al11Cr2 and/or Al4Cr may be
found in alloy that at equilibrium would contain only (Al) + Al7Cr
[73] and an icosa-
hedral i-phase has been reported by Zhang et al. [75] in as-melt-spun ribbons with the
composition Al7Cr . The same author reported that the i-phase decomposes to form
Al7Cr after annealing above 450
C.
Crystal structure
Al7Cr has a monoclic structure with space group C2=m (Pearson symbol mC104).
Atom positions as given by Cooper [76], are listed in table 2.7, the elementary cell
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includes three chromium and sixteen aluminium atoms. The unit cell is shown in
gure 2.20(a).
(a)
(b)
Figure 2.20: Al7Cr C2=m monoclinic unit
cell drawn with the software Jmol using the
structural model given by Cooper [76]. (a) unit
cell, (b) Cr atoms within the Al7Cr mono-
clinic unit cell.
Atom x y z
2 Cr1 in 2(a) 0.00000 0.00000 0.00000
4 Cr2 in 4(i) 0.25050 0.00000 0.26300
8 Cr3 in 8(j ) 0.08540 0.32400 0.75250
2 Al1 in 2(d) 0.00000 0.50000 0.50000
4 Al2 in 4(i) 0.61520 0.00000 0.00050
4 Al3 in 4(i) 0.29320 0.00000 0.07450
4 Al4 in 4(i) 0.37500 0.00000 0.38400
4 Al5 in 4(i) 0.52140 0.00000 0.28700
4 Al6 in 4(i) 0.08100 0.00000 0.72350
4 Al7 in 4(i) 0.12850 0.00000 0.14450
4 Al8 in 4(i) 0.09120 0.00000 0.34100
4 Al9 in 4(i) 0.22450 0.00000 0.45750
8 Al10 in 8(j ) 0.18200 0.18500 0.00900
8 Al11 in 8(j ) 0.06920 0.32050 0.14850
8 Al12 in 8(j ) 0.96430 0.18800 0.13300
8 Al13 in 8(j ) 0.31000 0.31550 0.24050
8 Al14 in 8(j ) 0.04560 0.19550 0.46950
8 Al15 in 8(j ) 0.16550 0.30700 0.47600
8 Al16 in 8(j ) 0.20650 0.31450 0.27800
Table 2.7: The atom positions of the com-
pound Al7Cr with monoclinic structure C2=m
(mC104) are listed accorded to the descrip-
tion given by Cooper [76]. For each position
the Wycko notation is reported.
The compound could be described in terms of icosahedral structures: the chromium
atoms are co-ordinated by twelve other atoms which lie at the vertices of nearly reg-
ular icosahedra (see gure 2.21). The regularity of the polyhedra depend on the Cr
position. Cr1-nearest neighbour distances spread from 2:567A to 2:922A, whereas
from 2:483A to 2:911A for Cr2 and from 2:468A to 2:796A for Cr3. The interatomic
distances Cr-nearest neighbours are listed in table 2.8. Subsequent studies conrm
the description given by Cooper. Zhang et al. [75] underlined the orientation relation-
ship between the monoclinic structure of Al7Cr and (point group 2/m) and icosahe-
dral quasicrystal (m35), suggesting that the crystalline and quasicrystalline phases
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(a) Cr1
(b) Cr2
(c) Cr3
Figure 2.21: Cr nearest neighbours
forming icosahedra.
Atom Neighbours Distance (A)
Cr1 4 Al12 2.567
2 Al7 2.570
4 Al11 2.836
2 Al8 2.922
Cr2 1 Al7 2.483
1 Al4 2.534
2 Al10 2.588
1 Al9 2.592
2 Al16 2.675
2 Al15 2.693
1 Al3 2.860
2 Al13 2.911
Cr3 1 Al6 2.468
1 Al12 2.481
1 Al10 2.531
1 Al1 2.577
1 Al4 2.620
1 Cr3 2.666
1 Al2 2.678
1 Al3 2.740
1 Al14 2.772
1 Al5 2.785
1 Al14 2.786
1 Al13 2.796
Table 2.8: Bond lengths in the Al7Cr
[76].
in Al7Cr are linked by the icosahedra in them, explaining why the icosahedral qua-
sicrystal forms easily in this alloys. Audier et al. [72] described the monoclinic -Al7Cr
as an approximant structure of the icosahedral Al4Cr phase.
2.4.2.3 Al8Cr5
The existence range of this phase and phases with a close composition have been
recently investigated and revised in a series of papers [71,73,74], however a clear descrip-
tion of this portion of the Al-Cr phase diagram is still missing. In the most up to
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date version of the phase diagram (shown in gure 2.19) the equilibrium range is
reported to be between 30-42 at% Cr and the phase is shown as allotropic having
two structures, one rhombohedral at low temperature (Al8Cr5), and second at high
temperature (Al8Cr5). Despite their presence in the phase diagram their structure
has been reported to be the same [74] or very similar diering only in the occupancies
of some specic crystallographic sites [77].
Crystal structure
The Al8Cr5 has a rhombohedral structure with space group R3m. The unit cell is
shown in gure 2.22 and the atom positions listed in table 2.9 with the cell parameters
in table 2.10.
Figure 2.22: Rhombohedral unit
cell of the Al8Cr5 phase. Some of
the sites are shared between Al and
Cr atoms.
Atom x y z Occupancy
Al1 in 3(b) 0.00550 0.00550 -0.20960 0.50000
Al2 in 3(b) 0.36990 0.36990 0.03060 0.33000
Al3 in 3(b) -0.36080 -0.36080 -0.00950 1.00000
Al4 in 3(b) 0.36080 0.36080 0.57200 0.50000
Al5 in 3(b) -0.27090 -0.27090 -0.62700 1.00000
Al6 in 6(c) -0.31790 0.29820 0.05330 1.00000
Cr1 in 1(a) 0.17950 0.17950 0.17950 0.50000
Cr2 in 3(b) 0.00550 0.00550 -0.20960 0.50000
Cr3 in 1(a) -0.30710 -0.30710 -0.30710 1.00000
Cr4 in 3(b) 0.00000 0.00000 0.34510 1.00000
Cr5 in 3(b) 0.36990 0.36990 0.03060 0.67000
Cr6 in 3(b) 0.36080 0.36080 0.57200 0.50000
Table 2.9: The atom positions of the compound
Al8Cr5 with rhombohedral structure are listed accord-
ing to the description given by Brandon et al. [77]. For
each position the Wycko notation is reported.
2.4.2.4 Al13Fe4
The -phase Al13Fe4 is even referred to as Al3Fe. It exists as single equilibrium phase
in he Al-rich region with less than 40 at% Fe content as shown in gure 2.23. The -
phase can appear as a primary crystallized compound or as an eutectic-forming phase
depending on the Fe content and the cooling conditions. During non-equilibrium
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Cr (at.%) Space group/Pearson symbol
Lattice parameters
Reference
a(A) b(A) c(A) ()
 phase Al7Cr
12.4 to 13.7 C2/m (mC104) (Al45V7) 25.196 7.574 10.949 128.7 Cooper
[76]
- C2/m 25.256 7.582 10.955 128.7 Cooper [78]
13.450.05 - - - - - Audier [72]
13.80.3 (1) - - - - - Mahdouk [74]
 phase Al5Cr
15.2 to 17 Monoclinic P2 (mP48) (Al5Cr) 12.880 7.652 10.639 122.2 Ohnishi
[78]
- Monoclinic '17.6 '30.5 '17.6 '90 Bendersky [79]
- Orthorombic 24.8 24.7 30.2 - Little [80]
18.051.15 Orthorombic 12.4 34.6 20.2 - Audier [72]
" phase Al4Cr
18.5 to 20 P2/m (mP180) (Al4Cr) 8.716 23.946 16.386 119.33 Ohnishi
[78]
- P63/mmc (
2) 20.1 - 24.8 - Bendersky [79]
20.90.3 Hexagonal 19.98 - 24.67 - Audier [72]
- Hexagonal 20.0 - 24.6 - Grushkov [81]
Al8Cr5
- Rombohedral R3m 7.8051 - - 109.217 Visser [82]
- Rombohedral R3m (hR26) 7.811 - - 109.13 Brandon [77]
- Cubic I43m (cI52) (3) 9.090 - - - Ellner [83]
Table 2.10: Lattice parameter of some Al-Cr. (1) mesured by EPMA; (2) the author
suggest is isomorphous to the Al4Mn  phase; (
3) high temperature structure (Al8Cr5)
prepared by splat cooling.
solidication, formation of the equilibrium -phase is suppressed by the formation of
the non-equilibrium compounds Al6Fe, AlmFe, Alx, Al9Fe2 and a number of other
phases which have not been fully characterised [84{86]. The type of metastable phase
formed is controlled primarily by the melt composition and the local cooling rate [84].
Rapid solidication could even bring the coexistence of decagonal quasicrystals of
Al13Fe4
[87], and eventually the decomposition of the quasicrystal into the equilibrium
Al13Fe4 with heating at 500
C [88]. During rapid solidication from the melt, clusters
constituted by Fe atoms surrounded by 12 Al atoms in the liquid can give rise either
to full icosahedral cluster and to the i-phase by aggregation and growth, or, by the
introduction of a mirror plane, to Mackay pentagonal prisms and the formation of
the d-phase [89].
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Figure 2.23: Al-Fe Phase diagram [90].
Crystallographic structure
This phase has a monoclinic structure with space group C=2m and is isostructural
with Al13Co4. It was rstly investigated by Black
[91]. The unit cell, as described by
Black, is shown in gure 2.24 and the primitive cell atom positions listed in table
2.11. There are 20 atoms in the primitive unit, 15 aluminium and 5 iron. Similar to
the Al7Cr this structure has an orientation relationship with a decagonal quasicrystal
phase [88] and could be used as approximant phase for decagonal quasicrystal (type d-
AlFe and d-AlCuCo) and also for the icosahedral quasicrystalline phase i-AlFeCu [89].
The following section describes the structure as approximant of quasicrystals as given
by Barbier et al. [89].
Al13Fe4 could be described as four layers stacked perpendicular to the direction of the
b-axis (see gure 2.25). The plane y=0 (considering 0  y  1 measuring a fraction of
the lattice parameter b in the monoclinic cell) contains large Fe pentagons either with
an inner Al pentagon of similar size and a central Al atom, or an inner distorted Al
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Figure 2.24: Al13Fe4 monoclinic
unit cell drawn using the software
Jmol using the model given by
Black [91].
Atom x y z Occupancy
Al1 in 4(i) 0.06450 0.00000 0.17300 1
Al2 in 4(i) 0.32230 0.00000 0.27780 0.675
Al3 in 4(i) 0.23520 0.00000 0.53920 1
Al4 in 4(i) 0.08120 0.00000 0.58240 1
Al5 in 4(i) 0.23170 0.00000 0.97290 1
Al6 in 4(i) 0.48030 0.00000 0.82770 1
Al7 in 2(i) 0.50000 0.00000 0.50000 1
Al8 in 4(i) 0.31000 0.00000 0.76950 1
Al9 in 4(i) 0.08690 0.00000 0.78120 1
Al10 in 8(j ) 0.18830 0.21640 0.11110 1
Al11 in 8(j ) 0.37340 0.21100 0.10710 1
Al12 in 8(j ) 0.17650 0.21680 0.33430 1
Al13 in 8(j ) 0.49590 0.28320 0.32960 1
Al14 in 8(j ) 0.36640 0.22380 0.47990 1
Al15 in 4(g) 0.00000 0.24410 0.00000 1
Fe1 in 4(i) 0.08650 0.00000 0.38310 1
Fe2 in 4(i) 0.40180 0.00000 0.62430 1
Fe3 in 4(i) 0.09070 0.00000 0.98900 1
Fe4 in 4(i) 0.40010 0.00000 0.98570 1
Fe5 in 8(j ) 0.31880 0.28500 0.27700 1
Table 2.11: The atom positions of the compound
Al13Fe4 with monoclinic structure are listed accorded
to the description given by Black [91]. For each position
the Wycko notation is reported.
pentagon with no atom at the centre. The inner Al pentagon is rotated by /5 with
respect to the Fe pentagon. Fe atoms are on the vertices of a decagonal approximant
tiling constituted by regular pentagons and at rhombuses (edge length=0.48 nm).
Small Al pentagons with the same orientations as these Fe pentagons lie on the
next layer at y=1/4. There may be an Fe atom, or no atom, at the centre of these
Al pentagons. Fe atoms are on the vertices of a decagonal 2D approximant tiling
constituted by isosceles triangles and rectangles with edge lengths 0.67 and 0.77 nm.
The Al atoms are on the vertices of an approximant tiling constituted by the same
elementary tiles: isosceles triangles, rectangles and also pentagons, but deated by
 2 with respect to those in the Fe tiling. The length 0.77 nm is  times ( is the
golden mean2) larger than the edge length of the Fe pentagons of the previous layer
2The golden mean, or golden ratio, is an irrational mathematical constant, approximately
1.6180339887
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at y=0. The layer at y=1/2 is obtained from the rst layer at y=0 by the translation
a/2+b/2. The same can be obtained from the rst layer by a rotation of around the
b-axis and a translation of b/2. The layer at y=3/4 is identical to the layer at y=1/4.
Therefore, we obtain two families of similarly oriented pentagons, up to homothety
which are related to each other by a mirror plane containing the b-axis and either
the b-axis and c-axis. These two orientations restore the pseudodecagonal symmetry
of the layers, and therefore, of the crystal itself. The layer thickness t is equal to
(b/4=t)=0.2 nm and corresponds to the mid-height of a small icosahedron. For
comparison, 8t=1.62 nm is the stacking period of the decagonal phase d-AlFe [87], and
also of d-AlPd [92], and 4t=0.80 nm is the one for d-AlCuCo [93]. The superimposition
of small and large pentagons with similar orientation suggests the existence in the
structure of parts of double icosahedra. The centre of these partial icosahedra are the
Fe sites, referred to as Fe5 by Black
[91].
2.4.2.5 Al6Fe
The Al6Fe is a metastable phase obtained by rapid solidication
[84,85]. The crystal
structure is C-centred orthorombic, space group Ccmm (Pearson symbol oC28). The
primitive cell contains one Fe and four Al sites. The unit cell is shown in gure 2.26
whereas the atom positions are reported in table 2.12.
In conclusion the crystallographic information for the Al-Fe phases aforementioned
are summarised in table 2.13.
2.4.2.6 The icosahedral phase
Icosahedral phases have been reported to form in a variety of Al based systems such
as the Al-TM (TM= IV to VII group transition metals) system, Al-Mn, Al-V, or
the ternary Al-Pd-Mn, Al-Cu-Fe and Al-Pd-Re [21]. The Al-Cr, Al-Fe and Al-Fe-
Cr systems form quasicrystal phases using non-equilibrium solidication, but their
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Figure 2.25: Layers structure of Al13Fe4
Figure 2.26: Al6Fe unit cell drawn
with the software Jmol according to
the model given by Walford [94].
Atom x y z Occupancy
Al1 in 8(b) 0.0200 0.3242 0.0000 1
Al2 in 4(a) 0.1357 0.0000 0.1000 0.675
Al3 in 8(b) 0.2842 0.3190 0.2500 1
Al4 in 4(a) 0.1357 0.0000 0.4000 1
Fe1 in 4(a) 0.4544 0.0000 0.2500 1
Table 2.12: The atom positions of the compound
Al6Fe with C-centred orthorombic structure are listed
accorded to the description given by Walford [94]. For
each position the Wycko notation is reported.
formation has not been observed in Al-Ti binary alloys [21,41]. The icosahedral phase
in the Al93Fe3Cr2Ti2 alloy has been reported to contain all the four elements
[21], but
their role has not been claried yet. It is not dened if Ti is contained as an impurity
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Fe (at.%) Space
group/Pearson
symbol
Synthesis
method (*)
a(A) b(A) c(A) () Reference
" phase Al13Fe4 or Al3Fe
23.2 to 23.6 Monoclinic C2/m CE 15.489 8.0831 12.476 10743' Black [91]
23 to 25 Orthorombic
Bmmm
A 7.7510 4.0336 23.771 - Ellner [95]
- Monoclinic
C12=m1
- 15.492 8.078 12.471 107.69 Grin [96]
Al6Fe
Orthorombic
Ccmm
- 6.49 7.44 8.79 - Walford [94]
Table 2.13: Lattice parameter of some Al-Fe. (*) A: arc melting; CE: Crystal extracted
from an alloy; P: powder techniques; C: Czochralski method; S: sputtering ; (**):lms ;
(***) data valid for the substructure
element or if it is included in a precise way in the structure. The icosahedral particles
within the Al93Fe3Cr2Ti2 have a spheroidal shape and their size ranges between 40-500
nm depending on the cooling rate [21,25,26]. The chemical composition of the icosahedral
phase is reported in table 2.14.
Alloy Ref. Al (at.%) Fe (at.%) Cr (at.%) Ti (at.%)
Al93Fe3Cr2Ti2
Inoue [24] 84.21.4 7.00.8 6.30.7 2.50.7
Kim [32] 82.924.0 7.590.4 8.330.4 1.160.05
Al92:5Ti2:5Fe2:5Cr2:5 Yamasaki
[30] balance 12.72.9 11.31.6 1.20.6
Al93(Fe3Cr2)7 Galano
[41] 87.40.8 7.20.5 5.40.4 -
Table 2.14: Chemical composition of the i-phase in the Al-Fe-Cr and Al-Fe-Cr-Ti alloys.
Kim et al. [32] and Yamasaki et al. [30] recognized a specic orientation relationship
between the 2-fold zone axis of the icosahedral phase and the [001] and [112] zone axis
of the -Al. Because of its metastable nature, the i-phase decomposes with heating
to Al + Al13Cr2 + Al23Ti9 + Al13Fe4
[21]. The decomposition temperatures reported
vary in the range 400 C to 542 C [21,25,28,31]. Some researchers observed that the de-
composition process takes place in dierent stages, but the reported temperature is
not consistent [21,31]. Galano et al. [25] observed even a small peak around 330 C in
a DSC experiment that should correspond to the decomposition of the i-phase into
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the distorted -Al13(Cr, Fe)2 4. The thermal stability is due to the very low atomic
mobility of the elements Fe, Cr and Ti in the Al phase [22].
 
(b) 
Figure 2.27: TEM micrograph of (a) the Al92:5Ti2:5Fe2:5Cr2:5 RS P-M
 alloy annealed at
300C for 1000 h. (b) icosahedral phase in the as-consolidated Al92:5Ti2:5Fe2:5Cr2:5 RS P-M
alloy [30]. ()RS P-M: rapid solidied powder metallurgy
2.4.3 Mechanical properties
The mechanical properties of the Al-Fe-Cr-Ti alloys have been extensively investigated
both by tensile and compressive test and hardness measurements under a wide range
of conditions. Samples consisted generally of rods or plates obtained by extrusion of
gas atomized or mechanically alloyed powder, however melt spun ribbons and particles
have been probed as well. Table 2.15 summarises the data about the mechanical
properties of these alloys available in the literature.
Figure 2.28 shows the literature hardness data of the Al93Fe3Cr2Ti2 alloy produced
with several methods and in dierent conditions. The melt spun ribbons have higher
values than gas atomised and mechanically alloyed powder. Galano et al. [27] and
Sahoo et al. [43] reported values of 350 and 285 -HV respectively, while gas atomised
and mechanically alloyed powder have values of 160-200 and 240 -HV accordingly.
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The production method inuences the annealing behaviour of the material. The
hardness of the melt spun ribbon remain constant until 440 C and then starts to
signicantly decrease, while the mechanically alloyed powder begin to soften above
300 C. The hardness of consolidated material, produced by extrusion of gas atomised
powder is comparable to the values of the mechanically alloyed powder heat treated
for one hour at temperature similar to the extrusion one.
0 100 200 300 400 500 600
0
50
100
150
200
250
300
350
400
450
 Temperature (°C)
 
 MA Shaw
 G(50-100)+E Todd 
 G(25-50)+E Todd 
 G(<25)+E Todd 
 M Sahoo
 M Galano
-H
V
Figure 2.28: Literature hardness values of the Al93Fe3Cr2Ti2 alloy produced with several
methods and dierent conditions.
The yield and ultimate tensile strength as long as the elongation are shown in
gure 2.29. The melt spun ribbon shown an ultimate tensile strength superior to the
one of the consolidated materials. Galano et al. reported a value of 690 MPa at room
temperature and 420 MPa at 350 C. The strength of consolidated gas atomised
powder depend on the size of the powder, the ner the particles the stronger was
the material. The mechanically alloyed and extruded materials shown the lowest
strength at all the temperature. The strength of the material decreases linearly with
temperature and the slope of the line is independent of the production method. The
yield strength of gas atomised powder followed by extrusion follows the same trend
of the ultimate strength, decreasing linearly with the testing temperature and with
the size of the initial powder. The elongation is greater with powder with bigger size
or with the highest extrusion temperature.
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Reference Production route Test T (C) Sample typey 0:2%
(MPa)
UTS
(MPa)
" (%) E
(MPa)
Hardness
(HV)
Sahoo et al. [43]
M(40) 25 RI 285
M(40)+HT(45,440) 25 RI 280
M(40)+HT(45,460) 25 RI 250
M(40)+HT(45,480) 25 RI 217
Galano et al. [27]
M(40) 25 RI 35025
M(40)+HT(30,550) 25 RI 20015
M(40) 25 RI 690
M(40) 300 RI 554
M(40) 315 RI 528
M(40) 330 RI 450
M(40) 350 RI 420
M(40)+HT(30,355) 350 RI 415
M(40)+HT(30,450) 350 RI 275
Inoue et al. [21]
G(26)+E(10:1,400)
25 RO(d=8) 530 650 4.4
200 RO(d=8) 410 510 2.5
300 RO(d=8) 330 360 1.5
G(125)+E(10:1,400)
25 RO(d=8) 460 540 7.3
200 RO(d=8) 350 400 6.5
300 RO(d=8) 270 290 6.5
M and G(26)+E(10:1,400) 25! 300 185-190
Yamasaki et al. [30]
G(<38)+E(5:1,350) 25 RO(d=9) 540 4.0
G(<38)+E(5:1,400) 25 RO(d=9) 480 4.0
G(<38)+E(5:1,450) 25 RO(d=9) 460 8.0
G(<38)+E(5:1,500) 25 RO(d=9) 480 6.2
G(<38)+E(5:1,350) 300 RO(d=9) 280
G(<38)+E(5:1,500)
+HT(100,300)
300 RO(d=9) 260
G(<38)+E(5:1,350)
+HT(1000,300)
300 RO (d=9) 240
Todd et al. [28]
G(<25) 25 P 200(10.1)
G(25-50) 25 P 183(8.8)
G(50-100) 25 P 162(10.1)
G(25-50)+E(10:1,375) 25 RO(d=13) 169(9.7)
G(50-100)+E(10:1,375) 25 RO(d=13) 131(1.5)
G(<25)+E(10:1,400) 25 RO(d=13) 172(8.9)
G(25-50)+E(7:1,400) 25 RO(d=16) 151(6.3)
G(25-50)+E(10:1,400) 25 RO(d=13) 162(6.4)
G(25-50)+E(14:1,400) 25 RO(d=11) 159(9.5)
G(50-100)+E(7:1,400) 25 RO(d=16) 118(6.3)
G(50-100)+E(10:1,400) 25 RO(d=13) 124(5.7)
G(50-100)+E(14:1,400) 25 RO(d=11) 123(7.1)
G(25-50)+E(10:1,450) 25 RO(d=13) 143(6.6)
G(50-100)+E(10:1,450) 25 RO(d=13) 116(5.6)
G(25-50)+E(10:1) 25 RO(d=5) 503(3) 595(2) 5.6(2) 81(2)
G(25-50)+E(14:1) 25 RO(d=5) 519(3) 596(2) 5.9(2) 80(2)
G(50-100)+E(10:1) 25 RO(d=5) 377(2) 474(2) 7.1(2) 79(1)
G(50-100)+E(14:1) 25 RO(d=5) 378(3) 473(2) 8.0(1) 79(2)
Shaw et al. [35], [37]
MA(16) 25 PA(d=1-5) 230-250
MA(16)+HT(1,200) 25 PA(d=1-5) 220-240
MA(16)+HT(1,250) 25 PA(d=1-5) 220-240
MA(16)+HT(1,300) 25 PA(d=1-5) 190-210
MA(16)+HT(1,330) 25 PA(d=1-5) 140-160
MA(16)+HT(1,450) 25 PA(d=1-5) 135-150
MA(30)+E(20:1,500) 25 F(h=3, l=50) 440(1)
MA(30)+E(20:1,500) 200 F(h=3, l=50) 370(1)
MA(30)+E(20:1,500) 300 F(h=3, l=50) 270(1)
MA(30)+E(20:1,500) 400 F(h=3, l=50) 190(1)
MA(30)+E(20:1,500) 25 RO(d=6, h=9) 562(2) 665(3)
MA(30)+E(20:1,500) 200 RO(d=6, h=9) 404(2) 460(3)
MA(30)+E(20:1,500) 300 RO(d=6, h=9) 260(2) 310(3)
MA(30)+E(20:1,500) 400 RO(d=6, h=9) 168(2) 186(3)
Table 2.15: Summary of the mechanical properties of the alloy Al93Fe3Cr2Ti2 produced
by dierent techniques. () G: gas atomization (particles size in m); E: extrusion (ext
ratio, ext temp); M: melt spinning; MA: mechanical alloying (milling duration); HT: heat
treatment (time,temperature). (y) RI: ribbon; RO: rods; PA: particles; F: at plate; P:
powder. All the measures are in mm, the time in min. and temperature in degree Celsius.(1)
fracture strength in tension. (2) 0.2% oset yield strength in compression. (3) maximum
strength in compression.
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Figure 2.29: (a) tensile yield strength and (b) ultimate tensile strength as a function
of temperature of the Al93Fe3Cr2Ti2 alloys produced by gas atomisation/extrusion and
mechanical alloying/extrusionand melt spinning. M: melt spinning, G: gas atomisation,
MA: mechanical alloying, E: extruded. Inoue et al. [21], Todd et al. [28], Yamasaki et al. [30],
Galano et al. [27] and Shaw et al. [35,37].
2.5 Spray forming
Spray forming, also called spray casting or spray deposition, is the inert gas atomiza-
tion of a liquid metal stream into variously sized droplets which are then propelled
away from the region of atomization by a fast owing, atomizing gas. The droplet
trajectories are interrupted by a substrate which collects and solidies the droplets
into a near fully dense preform. By continuous movement of the substrate relative
to the atomizer as deposition proceeds, large preforms can produced in a variety of
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geometries including billets, tubes and strips [97].
Figure 2.30 represents a general scheme of the spray forming process for the manu-
facture of billets.
 
Figure 2.30: Schematic of the spray forming process for the manufacture of billets [98].
The process can be summarised in the following sequential steps [98]:
1. the continuous gas atomization of a melt stream to produce a spray of 10-500
m diameter alloy droplets;
2. droplets cooling at typically 102 to 104 Ks 1 and acceleration to 50 to 100 ms 1
under the action of the atomizing gas;
3. the deposition of droplets at the growing spray-formed billet surface;
4. the relatively slow cooling at 0.1 to 10 Ks 1 and solidication of residual liquid
in the spray-formed billet.
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The primary advantage of the spray forming process is the ability to manufacture
alloy compositions that are problematic in conventional processes such as ingot cast-
ing, direct chill casting and powder metallurgy [98].
Secondly the microstructure exhibits the following advantageous characteristics [98]:
 equiaxed grains of diameter typically in the range 20 to 50 m and the complete
absence of columnar/dendritic morphologies;
 high levels of microstructural homogeneity and low levels of microsegregation
regardless of position in the billet;
 the ability to produce this characteristic sprayformed microstructure in all en-
gineering alloy systems.
 
Figure 2.31: (a) a typical 26-kg Al-5Mg-1.2Li-0.28Zr billet spray formed at Oxford Univer-
sity and (b) an Al-5Mg-1.2Li-0.28Zr as-sprayed microstructural orientation map obtained
by EBSD showing ne-scale equiaxed grains characteristic of the spray forming process [98].
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Moreover the ability to sprayform large near net shape extrusion/forging preform
tubes, rolls and strips with ne scale microstructures in large cross-sections directly
from the melt oers the potential economic benets in comparison with the cited
techniques which involve a number of sequential steps to obtain the nal product [97].
Another interesting feature is the possibility to co-inject solid particles such as rein-
forcing particulate for the production of metal matrix composites [97]. The disadvan-
tages of spray forming include the presence of porosity that requires closing by hot
isostatic pressing or other downstream processes, and low eciency of the process be-
cause not all the droplets created by atomization end up in the spray formed billet [98],
however losses can be reduced by collecting the overspray powder and re-injecting it
into the gas stream.
Commercial examples of alloys manufactured by spray forming include Al-Si based
alloys for cylinder liners [99], high speed and speciality billets [100], Si-Al alloys for ther-
mal management applications [101] and Al-Nd alloys for sputterring targets [102]. Figure
2.32 shows an example of an industrial scale billet produced by spray forming.
Spray forming is often incorrectly labeled as a rapid solidication process and
compared with techniques like powder atomization and melt spinning because it is
believed that the solidication of the melt happens completely during the atomiza-
tion step where the droplets cool at up to 104 Ks 1. However many of the droplets
do not solidify at all prior to deposition. Once all the dierent sized droplets have
arrived at the substrate, with all their varying temperatures and solid fractions, they
equilibrate to a very narrow range of top surface temperatures and a solid fraction
of typically 0.6, solidication in the large billets proceeds comparatively slowly at
typically 10 Ks 1. Solidication does not take place in one step, but is a complex
combination of several cooling and homogenizing steps which the material undergoes.
Figure 2.33 schematically representes the solidication process during spray forming
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Figure 2.32: Example of an industrial billet of Al-Si (2m x 300 mm diameter) produced
by spray forming.
and the consequent microstructure.
Recently there has been a return to investigate the possibility of using spray form-
ing for the production of nanostructured materials in bulk form. Afonso et al [103,104]
investigated the spray forming of amorphous Al-Y-Ni-Co-(Zr) alloys, producing a
7 kg billets of Al85Y8Ni5Co2 and a 2.1 kg billet of Al84Y3Ni8Co4Zr1(at%). Using
relatively high gas to metal mass ow rate ratio to enhance cooling rates, billets con-
tained up to 76 vol% of an amorphous Al-rich phase but suered from high porosity
because of insucient liquid ow and feeding on the billet top surface. Al-RE-TM
(RE = rare earth, TM = transition metal) alloys were spray formed by Guo et al. [105]
In the case of a Al89La6Ni5 alloy, a 1 kg, 230 mm diameter and 3 mm thick spray
formed had 36 vol% of an amorphous Al-rich phase; while a 2 kg, 230 mm diameter
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Figure 2.33: Schematic representation of the changes in solid fraction during the spray
forming process and the accompanying change in microstructure prior to and after droplet
deposition [98].
and 30 mm thick plate of Al85Nd5Ni10 alloy contained 63 vol% amorphous Al-rich
phase. In all cases, the amorphous microstructure transformed to a nanostructured
microstructure once the billet thickness - and top surface temperature - reached a
critical point.
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Experimental methods and
materials
3.1 Materials
3.1.1 Al3Ti, Al13Cr2 and Al13Fe4 intermetallic alloys
Samples of the intermetallic Al alloys Al3Ti, Al13Cr2 and Al13Fe4 were produced by
suction casting at Sheeld University. The 5 mm rods were subsequently cut and
part of them were sealed in silica tube under vacuum and annealed for 24 hours (1
day) and 168 hours (1 week) at 500 C in order to homogenize the microstructure to
eliminate or reduce the presence of metastable phases potentially formed during the
solidication the process.
3.1.2 Al93Fe3Cr2Ti2 alloy
A 19 kg billet, shown in gure 3.1, was produced by spraycasting at Oxford University
using a Sandvik/Osprey plant displayed in gure 3.2. The nominal composition
of the alloy Al93Fe3Cr2Ti2 at% (Al-5.8Fe-3.6Cr-3.3Ti wt%) was pre-alloyed using
vacuum induction melting and remelted under Ar for spraycasting. Spraycasting was
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performed using N2 gas and the melt temperature was 1500 C. Total spray time
was 7 minutes. Samples for the subsequent analysis were extracted from a zone
on the surface of the billet and from a bulk region sited at mid-radius mid-height as
shown in gure 3.1(a).
(a) (b)
Figure 3.1: The 19 kg spraycast billet. (a) a quarter section showing the region from
which samples were extracted. S: surface, M: bulk area from mid-radius mid-height. (b)
the bottom exhibited macrodefects due to the early stage of the process.
Figure 3.2: Spraycast Sandvik/Osprey plant at Oxford University.
Samples were heat treated in order to investigate the microstructural evolution of
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the material and the mechanical properties after annealing. The treatment conditions
are summed up in table 3.1.
As-spraycast material was hot isostatically pressed ("HIPed") for 4 hours at 450C,
100 MPa. The HIPed material was then either hot forged at 400 C to a true strain
of 1 or extruded at 475 C to 7:5mm bar at an extrusion ratio of 16:1. Hot isostatic
pressing, forging and extrusion were carried out at Oxford University.
A sample of the overspray powder, from the undeposited droplets during the spraycast
process, was collected from the chamber. Figure 3.3 summarises the processes and
the post-process treatments carried out on the Al93Fe3Cr2Ti2 alloy billet.
Temperature (C) Time (h)
400 6
600 1,4,8,24, 84, 168
645 1,4,8,24, 168
Table 3.1: Annealing conditions of the heat treatment carried out in air on specimens
taken from the billet of the Al93Fe3Cr2Ti2 alloy.
Figure 3.3: Processing tree of the Al93Fe3Cr2Ti2 alloy. Samples were prepared and inves-
tigated at each stage of the processing.
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3.2 Laboratory experimental methods and tech-
niques
The microstructure, thermal stability, and phase compositions were studied using
laboratory techniques as well as synchrotron based methods. Optical microscopy,
scanning and transmission electron microscopy (SEM, TEM) with energy dispersive
spectroscopy (EDS) and selected area diraction (SAD), focused ion beam microscopy
(FIB) and dierential scanning calorimetry (DSC), along with synchrotron based neu-
tron diraction, X-ray diraction (XRD), microfocused X-ray diraction (-XRD)
and extended X-ray absorption ne structure (EXAFS) were employed. The mechan-
ical properties were investigated by tensile and compressive test at Oxford University
and the hardness measured by nanoindentation and Vickers tests. Figures 3.4 and
3.5 summarise in a diagram form all the experiments carried out on the intermetallics
and spraycast billet in the dierent conditions.
Figure 3.4: Experimental tree and condition diagram of all the investigation conducted
on the three intermetallic standards.
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Figure 3.5: Experimental and condition three diagram summarising all the investigations
carried out on the spraycast Al93Fe3Cr2Ti2 alloy.
3.2.1 Microscopy
All the samples for the optical and electron microscopy were prepared using a conven-
tional preparation technique for Al alloys. Each sample was mounted in conducting
Bakelite and polished with abrasive paper (220, 800, 1200 grit) and subsequently with
9, 3, 1 m diamond cloths. The surface was nally polished with 0.02 m colloidal
silica.
3.2.1.1 Optical microscopy
A Reichert-Jung MEF-3 optical microscope was employed to investigate the nanoin-
dentation areas using bright eld illumination.
3.2.1.2 FEGSEM
The microstructure was investigated using a LEO 1530 VP FEGSEM equipped with
an EDAX Pegasus energy dispersive x-ray spectroscopy analysis system (EDS) using
both the secondary electron and backscattered electron modes.
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3.2.1.3 Dual beam FIB/FEGSEM
A dualbeam FIB/FEGSEM FEI NOVA 600 Nanolab was used both for electron and
ion imaging and to prepare samples for TEM and synchrotron analysis utilising a FIB
lift-out technique for TEM samples preparation.
In gure 3.6 are shown the sequential steps of the process. Firstly, the area of interest
was chosen using the FEGSEM beam, afterwards a thin rectangular Pt layer (15x1
µm) was deposited on the surface using the ion gun (gure 3.6(a)). The Pt layer
acted as a protection during the ion milling to prevent the top surface of the slice
from been damaged. Subsequently, the material both side of the Pt layer was removed
using the ion beam (gure 3.6(a-b)). The sample was then tilted to 52 and the thin
slice almost completely cut (gure 3.6(b)) and attached to the lift-out needle using
Pt. The slice was removed from the sample and attached to the TEM copper grid
(gure 3.6(c)) and subsequently analysed at I18 beamline. The same samples were
then returned back to the FIB for a nal thinning step in order to reach electron
transparency for the TEM analysis. An ion beam with decreasing current was used
until a thickness of about 100-200 nm was obtained (gure 3.6(d)).
3.2.1.4 TEM investigation
Imaging, EDS and SAD analyses were carried out in a JEOL JEM 2000 FX equipped
with a EDS detector and a Gatan Erlangshen ES500W digital camera and in a JEOL
2010 equipped with an Oxford Instruments LZ5 windowless energy dispersive X-ray
spectrometer (EDS) controlled by INCA and a Gatan Orius CCD.
3.2.2 DSC
DSC experiments were run using a Stanton Redcroft 1500 DSC machine and the
Orchestrator software for data acquisition.
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(a) 
(d) (c) 
(b) 
Pt layer 
Figure 3.6: Dierent stages of the FIB preparation. (a) and (b) cutting of the slice for
TEM analysis. (c) thinning step. (d) sample nished.
3.2.3 Nanoindentation
Nanoindentation experiments were run using a Micromaterials Ltd. Nanotest600
machine, which is schematically represented in gure 3.7.
The machine was tted with a three-side Berkovich indenter with face half-angle
of 65.27, which gives the same projected area to depth ratio as the more commonly
used four-sided Vickers indenter (face angle 68) utilized in microhardness test. A
typical Berkovich indenter is shown in gure 3.8.
Nanoindentation is a technique which uses the recorded depth of penetration of
an indenter into the specimen along with the measured applied load to determine the
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Figure 3.7: Schematic representation of the Nanotest600 pendulum mechanism (from the
Nanotest600 manual).
 
Figure 3.8: (a) high-magnication SEM scan of the tip of a Berkovich diamond indenter
and (b) schematic of indenter geometry. A is the projected contact area,  is the face angle,
and hc is the depth of the circle of contact measured from the apex of the indenter
[106].
area of contact and the hardness of the specimen. Other mechanical properties can
also be obtained from the experimental load-displacement curve, including the elas-
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tic modulus, strain-hardening index, fracture toughness, yield strength and residual
stress [106].
It is important to distinguish between the projected area of impression and the ac-
tual area of impression. The projected area is that which is observed when looking
face-on to a residual impression in a specimen surface at normal incidence to the sur-
face without regard to the actual sloping sides of the impression. The actual contact
area is that which takes into account the sloped sides of the impression. To calculate
the Vickers hardness the indentation load is divided by the actual area to obtain a
number that has no physical meaning, but is a useful measure of the hardness in an
engineering context. Dividing the indenter load by the projected area of the impres-
sion, the mean contact pressure is obtained, which is a physical quantity.
The nanoindenation data were analyzed following the Oliver and Pharr method [107].
A schematic representation of a typical data set obtained with a Berkovich indenter
is depicted in gure 3.9, where P designates the load and h the displacement relative
to the initial undeformed surface. During unloading, it is assumed that only the elas-
tic displacements are recovered; it is the elastic nature of the unloading curve that
facilitates the analysis. There are three important quantities that must be measured
from the P-h curves: the maximum load, Pmax, the maximum displacement hmax and
the elastic unloading stiness S=dP/dh, dened as the slope of the upper portion of
the unloading curve during the initial stages of the unloading (also called the contact
stiness). Another important quantity is the nal depth hf , the permanent depth of
penetration after the indenter is fully unloaded.
Experiments have shown that the unloading curves are curved and usually well ap-
proximated by the power law relation:
P = (h  hf )m (3.1)
where  and m are power law tting constants. The procedure used to measure
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Figure 3.9: Schematic illustration of indentation load-displacement data showing impor-
tant measured parameter [107].
hardness (H) and Young's modulus (E) is based on the unloading processes shown
schematically in gure 3.10.
hs = (CPmax) (3.2)
where hs is the amount of sink-in,  is a constant generally equal to 0.75 and C is the
contact compliance. From the geometry of the indentation it follows that the plastic
depth is:
hc = hmax   (CPmax) (3.3)
Letting F (d) be an `area function' that describes the projected area of the indenter
at a distance d back from its tip, the contact area A is then:
A = F (hc) (3.4)
Once the contact area is determined, the hardness H is estimated:
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H =
Pmax
A
(3.5)
To obtain the elastic modulus, the unloading portion of the depth-load curve is anal-
ysed according to a relation which depends on the contact area:
C =
p

2Eeff
p
A
(3.6)
where  is a dimensionless correction factor with a value close to unity and Eeff is
the eective elastic modulus dened by
1
Eeff
=
1  2
E
+
1  2i
Ei
(3.7)
The eective elastic modulus takes into account the fact that the elastic displacements
occur in both the specimen, with Young's modulus E and Poisson's ratio , and the
indenter, with elastic constants Ei and i.
 
Figure 3.10: Schematic illustration of the unloading process showing parameters charac-
terizing the contact geometry [107].
3.2.4 Vickers Hardness
Hardness tests were performed using a Mituotoyo AVK-C2 hardness tester with a 5
kg or 2 kg load.
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3.3 Synchrotron techniques
Synchrotron techniques were extensively used to investigate the phase compositions
and structures of the aforementioned materials. A wide range of experiments were
carried out on bulk, powder and micron-sized samples under dierent conditions. A
total of 7 days at the High Resolution Powder Diraction HRPD S8 beamline at the
ISIS neutron source and 9 days at the high resolution powder diraction (HRPD) I11
and microfocus spectroscopy I18 beamlines at the Diamond Light Source synchrotron
were spent to run neutron and X-ray diraction, -X-ray diraction and Extended
X-ray Absorption Fine Structure (EXAFS) experiments. This section gives a brief
description of the methods, experimental settings and data analysis. The ISIS pulsed
neutron and muon source and the Diamond Light source synchrotron are located
respectively at the Rutherford and Appleton laboratory and at the Harwell Science
and Innovation Campus in the Oxfordshire and owned and operated by the Science
and Technology Facilities Council. A view of the site is shown in gure 3.11.
Figure 3.11: Aerial image of both the Diamond Light source and the ISIS neutron source.
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3.3.1 HRDP beamline - Neutron diraction
A schematic representation of the layout of target station 1 is shown in gure 3.12.
The HRPD S8 beamline is sited outside the main building at about 100 m from the
neutron source. The station is the highest resolution neutron diractometer in the
world and is designed to achieve an optimal balance between the maximum practical
resolution attainable with reasonable counting times.
Figure 3.12: The layout of the neutron source and the neutron scattering instrumentation
at the ISIS spallation neutron source [108].
A scheme of the machine detector conguration is shown in gure 3.13. The
diracted neutron beam is detected in one of three xed angle banks: in backscat-
tering, at 90 and at low angles. The experiments were run arranging the samples in
one of the two sample positions at 1 m from the backward bank enabling diraction
data to be recorded simultaneously in all three detector banks. The ZnS detector
at backscattering has 5mm resolution and enables the maximum resolution to be
d/d=4-5x10 4. The specimens, in the form of 5 mm rods, were placed in a vana-
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dium tube attached to the machine sample holder as shown in gure 3.14. The data
were collected for a variable time according to their quality.
Figure 3.13: Schematic plan view of the HRPD detector conguration [109].
(a) (b)
(c)
Figure 3.14: Images representing (a) the sample holder, (b-c) the sample positioning
inside the machine sample position at 1 m from the backward bank (see scheme in gure
3.13).
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3.3.2 I11 beamline - Synchrotron x-ray diraction
A scheme of the optics layout of the I11 beamline at the Diamond Light source is
presented in gure 3.15. The diractometer, displayed in gure 3.16, consisted of
5 Multi-analyser crystal detectors (MAC) each having 9 Si111 crystals for a total
of 45 acquisition channels with a 2 resolution of 0:005 at 10 keV. The radiation
wavelength was 0:826 027A.
Figure 3.15: Schematic plan view of the high resolution powder diraction
(HRPD) I11 beamline at Diamond Light Source. (from http://www.diamond.ac.uk-
/Home/Beamlines/I11/specs.html)
(a) (b)
Figure 3.16: The I11 (a) experimental hutch and (b) the diractometer with the 5 MACs
detectors.
Powder samples of the intermetallics were prepared by grinding a portion of the
rods, while the Al93Fe3Cr2Ti2 material was prepared as a at plate of approximately
1 cm2 with a thickness of a few hundred microns. The specimens were accommodated
in capillary and at plate room temperature samples holders which tted directly to
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magnetic spinners mounted at the centre of the  circle face plate as shown in gure
3.17.
(a) (b)
(c)
Figure 3.17: (a) capillary and (b) at plate magnetic sample holders. (c) detail of the
sample mounted on the diractometer.
3.3.3 I18 - X-ray Spectroscopy
A schematic illustration of the the I18 beamline at the Diamond Light source is
presented in gure 3.18. EXAFS and -XRD experiments were performed on bulk
samples and micro-samples prepared by FIB. In the following section a brief introduc-
tion to the EXAFS technique is given followed by a description of the experimental
setting of the work carried out at the beamline.
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Figure 3.18: Schematic plan view of the microfocus spectroscopy I18 beamline at Diamond
Light Source. ( from http://www.diamond.ac.uk /Home/Beamlines/I18/specs.html).
3.3.3.1 EXAFS
The following explanation is a shortened adaptation taken from the description of the
phenomenon given by Koningsberger et al. [110], Rehr et al. [111] and Newville [112].
The EXAFS is a phenomenon generated by the interaction between x-rays and the
core electrons in an atom. When an x-ray with an energy higher than the binding
energy of a core electron collides an atom, the x-ray might be absorbed and the excess
energy released in the form of a photo-electron. The outgoing photo-electron inter-
acts with the surrounding atoms and generates oscillations in the recorded value of
the coecient of absorption which is the EXAFS signal. The process is schematically
represented in gure 3.19. The backscattered waves will add or subtract from the
outgoing wave at the center depending on their relative phase. The total amplitude
of the electron wave function will be enhanced or reduced, respectively, thus modify-
ing the probability of absorption of the x-ray correspondingly. As the energy of the
photoelectron varies, its wavelength varies. Therefore the variation of the ne struc-
ture in EXAFS is a direct consequence of the wave nature of the photoelectron. The
peaks correspond to the backscattered wave being in phase with the outgoing part
while the valleys appear when the two are out of phase. How the phase varies with
the wavelength of the photoelectron depends on the distance between the center atom
and backscattering atom. The variation of the backscattering strength as a function
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of energy of the photoelectron depends on the type of atom doing the backscattering.
Hence EXAFS contains information on the atomic surroundings of the center atom.
This is a specic and unique signature of a given material and it depends on the
detailed atomic structure and electronic and vibrational properties of the material.
During an EXAFS experiment the absorption coecient is measured as a function of
the x-ray energy. Consequently x-ray absorption ne structure (XAFS) refers to the
oscillatory structure in the x-ray absorption coecient just above an x-ray absorption
edge (see gure 3.20).
(a) (b) (c)
Figure 3.19: Photo-electron eect, (a) an x-ray is absorbed by an atom and the excess
energy released in the form of a photo-electron leaving a core level empty. (b) the outgoing
photo-electron interacts with the surrounding atoms and (c) generates the oscillation in the
recorded value of the coecient of absorption which is the EXAFS signal (red line). The
blue trace corresponds to the signal which would be recorded in the case of single atom
showing how EXAFS does not occur for isolated atoms but only appears when atoms are
in a condensed state.
As shown in gure 3.20 the x-ray absorption spectrum is typically divided into two
region: x-ray absorption near edge spectroscopy (XANES) and extended x-ray ab-
sorption ne structure spectroscopy (EXAFS). Hence the EXAFS is the ne structure
in the x-ray absorption coecient starting somewhat past the absorption edge and
extending typically 1000 eV further [110]. Though the two have the same physical ori-
gin, this distinction is convenient for the interpretation. XANES is strongly sensitive
to formal oxidation state and coordination chemistry of the absorbing atom, while
EXAFS is used to determine the distances, coordination number, and species of the
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Figure 3.20: XAFS signal as recorded. E0 is the edge energy.
neighbourhood of the absorbing atom. The properties of EXAFS that make it so
useful are:
 long-range is not required, so that non crystalline and crystalline solids can be
treated on the same basis;
 the local atomic arrangement can be determined about each type of atom sep-
arately. To do the same with diuse elastic scattering requires isotopic distri-
bution or anomalous scattering, which is tedious and decreases the accuracy.
EXAFS is usually able to determine the atomic arrangements with greater res-
olution than these other techniques;
 the measurement is relatively easy and rapid.
3.3.3.2 EXAFS equation and data analysis
The recorded signal is the sum of all the interactions between the outgoing photo-
electron and the neighbourhood of the absorbing atom. These interaction are called
single scattering when they involve only the central absorbing atom and one of the
neighbours, while they are called multiple scattering when they involve more than
two atoms (gure 3.21). Overall, single and multiple scattering are called paths.
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Figure 3.21: Schematic representation of the single scattering (SS) and multiple scattering
(MS) interactions.
The extraction of the structural information is done by tting the data with a theoret-
ical model which is the result of the summation of all the contributions coming from
each interaction, either single and multiple scattering. Therefore, during a tting pro-
cedure, the EXAFS equation for each interaction is calculated and their contribution
summed up and tted to the data. The theory of the EXAFS dates back to the 1970s
following the work of Sayers, Stern and Lytle [113] who rst recognized the possibility
of extracting quantitative information about the local structure near an absorbing
atom from a short-range-order theory and developed a parameterized equation. All
the structural information are contained in the EXAFS equation, which in the form
reported by Rehr [111] is:
(k) =
X
R
S20NR
jf(k)j
kR2
sin(2kR + 2c + )e
  2R
(k) e 2
2k2 (3.8)
where:
S20= overall amplitude factor;
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NR= coordination number;
f(k) = jf(k)jei(k)= backscattering amplitude;
R= interatomic distance;
c= central atom partial wave-phase shift of the nal state;
(k)= energy dependent XAFS mean free path;
2= temperature dependent rms uctuation in bond length.
Data tting is normally done in two steps as shown in gure 3.22: rst the back-
ground in subtracted from the recorded signal and Fourier transformed to separate
the dierent contributions. Subsequently the obtained data are tted calculating
equation 3.8 for each single contribution.
The data analysis was done using the software suite IFEFFIT [114] which includes
ATHENA and ARTEMIS, respectively the background subtraction and data tting
software. ARTEMIS is based on the code FEFF6 [115]. Pyspline [116] was also used for
the background subtraction.
3.3.3.3 Experimental setting
The beamline experimental hutch is shown in gure 3.23. Two dierent conguration
were utilized to run the EXAFS experiments and the -XRD, they are showed in gure
3.24. EXAFS were run both in transmission and uorescence on bulk samples and
micro-samples prepared by FIB, while -XRD analysis were performed in transmission
on the -samples. The bulk sample were attached to the machine using a magnetic
sample holder shown in gure 3.25(e). The -samples were mounted to the same
sample holder as depicted in gure 3.25.
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(a) Recorded signal (b) The signal after background subtraction
(c) Correlation between the FT and the radial atom distribution around the absorbing
atom
Figure 3.22: (a) The signal as recorded is (b) background subtracted and (c) FT. The
Fourier Transformation lters the dierent contribution from the neighbour atoms and is
similar to an atomic radial distribution function.
Figure 3.23: I18 experimental hutch.
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(a) (b)
Figure 3.24: Experiments set up for (a) EXAFS and (b) -XRD.
(a) (b) (c)
(d) (e) (f)
Figure 3.25: Sequences (a-e) of the micro-samples mounting on the machine sample holder
and (f) the sample visualized on the screen of the machine camera.
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Al3Ti, Al13Cr2 and Al13Fe4
intermetallic standards
This chapter collects the results of the investigations on three binary Al intermetallics
Al3Ti, Al13Cr2 and Al13Fe4 produced by suction casting at Sheeld University. The
intermetallics were studied in this form in order to obtain standard reference data for
the subsequent analysis of similar phases identied in the complex Al-Fe-Cr-Ti alloy
discussed in chapter 5.
As described in the literature review chapter, the three phases are amongst the main
constituents of the Al-Fe-Cr-Ti family. The monoclinic Al13Cr2 and Al13Fe4 are both
icosahedral approximants and they have been reported to be the product of the ther-
mal degradation of the icosahedral phase in the Al-Fe-Cr-Ti alloys and they play a
crucial part in determining the mechanical property of this alloy family. A deep
comprehension of their structures is essential in order to understand all the mi-
crostructural evolution mechanisms occurring within the complex quaternary alloy
and whether and how the formation of the icosahedral phase takes place and nally
to be able to model the mechanical properties of the material.
Despite their important role in the Al-Fe-Cr-Ti and in other alloy systems the avail-
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able information about their properties are lacking especially for the two monoclinic
phases.
The Al3Ti has been extensively studied thanks to its attractive mechanical proper-
ties. Its three tetragonal arrangements and the cubic structure has been described
quite precisely, nonetheless there are still uncertainties in the phase diagram on the
existence region of the tetragonal Al3Ti(l) (the low temperature superstructure also
know as Al24Ti8 or Al23Ti9) and regarding the stability and formation of the cubic
structure.
The Al-Cr phase diagram has been object of recent investigations, but some doubt
still exist regarding a denitive form [71]. The published Al13Cr2 structural model
dates back to 1960 to the work of Cooper [76] on single crystal and since then no other
crystallographic study has been carried out, although several researches conrmed
the structure proposed. There is little information available on the mechanical prop-
erties.
The monoclinic Al13Fe4 has an anity with several quasicrystals. A structural model
was rstly given by Black [91] in 1955 and a more recently by Grin [96] both from single
crystal data. As for the Al-Cr phase, information about its mechanical properties are
not available.
Samples of the three intermetallics were produced using suction casting and stud-
ied both in the as cast condition and after annealing at 500 C for one day and one
week. Annealing was carried out with the purpose of homogenizing the microstructure
to eliminate or reduce the presence of metastable phases formed via peritectic-type re-
actions during the solidication process. Due to the fact that the three intermetallics
are almost line compounds, i.e. they exist in this form over only a very narrow com-
positional range none of the samples were pure.
5 mm diameter rods of the three intermetallics were thus analyzed using a wide range
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of standard laboratory techniques, including dierential scanning calorimetry (DSC),
scanning electron microscopy (SEM) with energy dispersive spectroscopy (EDS) and
nanoindentation and synchrotron and neutron radiation techniques. A total of 7 days
at the HRPD beamline at ISIS neutron source and 9 days at the I11 (HRPD) and I18
(microfocus spectroscopy) beamlines at the Diamond Light Source synchrotron were
spent to run neutron and x-ray diraction and EXAFS experiment in order to inves-
tigate the structure of the three intermetallics using the highest resolution techniques
available.
4.1 Al3Ti
4.1.1 MTDATA
MTDATA software was employed in order to calculate the phase diagram and heat
capacity for alloy three compositions close to the Al3Ti stoichiometry. Figure 4.1(a)
shows the Al-Ti binary phase diagram calculated using the software with the mt-
sol database, while gure 4.1(b) displays the simulated heat capacity/temperature
curves. Line 1 correspond to a chemical composition Al65Ti35 wt.%, line 2 to Al62Ti38
wt.% and line 3 to Al59Ti41 wt.% (equal to Al78Ti22, Al74Ti26 and Al72Ti28 at.%). A
comparison with the phase diagram reported by Braun et al. [51] (gure 2.13a at page
25) highlights how the calculated phase diagram failed to predict the peritectic reac-
tion Al3Ti+L
Al11Ti5 occurring at 1387 C and the subsequent dual-phase zone as
well as the presence of the Al3Ti(l) superstructure making the present thermodynamic
calculation unsuitable for the description of the alloy under investigation.
4.1.2 DSC
A DSC experiment was performed on a sample of the as-cast Al3Ti up to 1500
C with
a heating rate of 10 Cmin 1. Due to the presence of a large oxidation peak, the data
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Figure 4.1: (a) Al-Ti phase diagram and (b) heat ow simulation of three dierent alloy
compositions (MTDATA, database mtsol).
above 1250 C were unusable and not reported. The DSC trace exhibited a trough
around 650C corresponding to the melting point of the FCC Al which suggests the
presence of an amount of Al in the sample. The presence of -Al and the absence
of any reaction around 995 C (eutectoid reaction) suggested that the composition of
the alloy was close to Al65Ti35 wt% (Al78Ti22 at.%). The possible presence of Al11Ti5
could not be conrmed because the unavailability of the data at high temperature.
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Figure 4.2: DSC trace of the as-cast Al3Ti sample.
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4.1.3 FEGSEM and EDS
The microstructure of Al3Ti in the as-cast, annealed for 1 day and 1 week at 500
C
are shown in gures 4.3, gure 4.4 and gure 4.5. The three samples were mainly
composed by Al3Ti and -Al between the dendritic arms. The alloy chemical compo-
sition measured by EDS returned a value of 23.00.1at% for the as cast, 23.00.1at%
for the annealed 1 day and 23.20.3at% for the annealed 1 week (gure 4.6), con-
rming the results from the DSC that the alloy composition was Al78Ti22. The Al3Ti
appeared in two forms containing a dierent amount of Ti. They were distinguishable
using the backscattered electron detector where: brighter areas of an Al3Ti rich in
Ti occurred within regions of Al3Ti with low Ti. The Ti-rich areas had a Ti content
of 25at%, whereas in the rest of the material it was 23at%, resembling the alloy
composition. The chemical composition of the two Al3Ti regions remained relatively
unchanged after annealing. In the as-cast sample the Al3Ti Ti-rich phase showed
an elongated morphology, while in the annealed samples the Ti-rich regions occurred
both as lamellae and large block areas. No evidence of Al11Ti5 was found.
(a) (b)
Figure 4.3: FEGSEM backscattered electron (BSE) images of the Al3Ti alloy as cast,
the electron contrast allows to recognize the Ti rich lamellae. (a) wide region showing the
brighter lamellae. (b) selected region presenting the Ti rich lamellae (A), the Al3Ti matrix
(B) and the -Al, EDS results are reported in the table.
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Figure 4.4: FEGSEM BSE images of the Al3Ti sample annealed for 1 day at 500
C.
Phases are labeled and EDS results reported.
Figure 4.5: FEGSEM BSE images of the Al3Ti sample annealed for 1 week at 500
C.
Phases are labeled and EDS results reported.
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 Al3Ti (B)
 Alloy
Phase
Ti content (at.%)
As cast Ann. 1 day Ann 1 week
Al3Ti (A) 25:1 0:4 25:6 0:1 25:3
Al3Ti (B) 23:2 0:3 23:2 0:4 23:4 0:1
Alloy composition
23:0 0:1 23:0 0:1 23:2 0:3
Figure 4.6: EDS analysis results of the Al3Ti as cast, annealed for one day and one week
at 500 C. The average values for each samples are reported in the table, all the values are
at%.
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4.1.4 Neutron diraction
LeBail and Rietveld renement of neutron diraction (ND) data of a solid sample
of Al3Ti annealed for 1 day at 500
C collected using HRPD at ISIS were performed
using the General Structure Analysis software (GSAS) [117,118]. The material was
composed mainly of tetragonal Al3Ti(h) (space group I4/mmm), however reections
of other impurity phases matching Al11Ti5 and Al were present. The existence of
the tetragonal Al3Ti(l) superstructure, reported to be stable at low temperature (see
gure 2.13a at page 25 and table 2.6 at page 34), was investigated, but was not
detected.
Initially a LeBail full-pattern multi-phase analysis was carried out to obtain the
best possible t to the intensities (equivalent to an ideal structural model) and rened
experimental and prole parameters, prior to ning the structural parameters using
the Rietveld method. Structural models for the three phases were taken from pub-
lished literature: Al3Ti (Norby et al.
[63]), Al11Ti5 (Schuster et al.
[119]) and Al (Otte et
al. [120]). The background was modelled using the `Power series in Q2n/n!' (GSAS
function 4) with four terms, while for the prole the prole peak shape function 3
was used [118].
Rietveld renement was carried out using background and prole parameters re-
ned with the LeBail method and the structural model from literature. The t to the
data was poor, reected in the Rwp (13.46%) with an especially poor t to the high
intensity peaks. The dierences were probably due to preferred orientation of the
crystals within the sample. Therefore a spherical harmonics function for the Al3Ti
phase was introduced into the model to take into account this preferred orientation
(PO). The use of this correction did not allow a complete renement of the thermal
parameters due to a high correlation between PO parameters and the Uiso. There-
fore, the thermal parameters were approximated to those calculated in the renement
without the preferred orientation correction.
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Convergence was achieved with a Rwp
1 of 8.56%, reduced 2 2 of 1.094 and
rened lattice parameters for the Al11Ti5 of a=3:918 401A, c=16:584 009A. Lattice
parameters for the Al3Ti are summarised in table 4.5, while structural parameters
are presented in table 4.6 and 4.7. Figure 4.7 show the t to the data.
Figure 4.7: Rietveld renement of neutron diraction data of Al3Ti, Rwp=8.56% reduced
2=1.094. See table 4.5 for rened unit cell data.
4.1.5 Synchrotron X-ray Diraction
Rietveld renement of data collected on a powder sample of as cast Al3Ti was carried
out using the general prole and structure analysis software for powder diraction
1Rwp=f
P
wi(yi(obs) yi(calc))2P
wi(yi(obs))2
g1=2 is the `R-weighted pattern', a statistical measure of how well
the observed and calculated patterns match [121]
2reduced 2 = MNobs Nvar is the `goodness of the t' where M is the minimization function, Nobs
is the total number of observations in all histograms and Nvar is the number of variables in the least
squares renement (GSAS manual page 165 [118]).
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data, Topas Academic. The use of powder instead of a solid rod removed the com-
plication of preferred orientation encountered in the neutron diraction experiment.
Preliminary analysis of the data showed that the sample contained impurity
phases, likely to be Al and Al11Ti5, consistent with neutron diraction. A multiphase
renement of the data was therefore carried out using reported structural models of
Al3Ti (Norby et al.
[63]), Al11Ti5 (Schuster et al.
[119]) and Al (Otte et al. [120]).
The data were modeled using the Chubychev background function with 6 pa-
rameters and the Thomson-Cox-Hasting pseudo-Voigt prole. The renement con-
verged with a nal Rwp of 12.015% with the rened lattice parameters for Al11Ti5
a=3:919 89A and c=16:575 01A and for Al3Ti a=3:853 73A and c=8:594 61A. The
weight fractions were calculated using the MVW macro of TOPAS academic and
gave values for Al3Ti, Al11Ti5 and -Al of 0.92, 0.06 and 0.01 conrming the sample
was largely made of Al3Ti with only trace of the other phases. The nal rened
atomic positions and thermal parameters are given in table 4.6 and the calculated
bond lengths in table 4.7. The observed-calculated-dierence proles are shown in
gure 4.8.
4.1.6 EXAFS
Fitting strategy
EXAFS experiments were run on a Al3Ti polished sample annealed 1 day at 500
C
and prepared with a standard metallographic technique. The signal was recorded in
transmission around the Ti K edge (4966 eV) from about 150 eV before the edge up
to 600 eV after it using a micro-focused X-ray beam of approximately (5µm2).
The background was subtracted using the AUTOBANK algorithm implemented
in the software ATHENA. Figure 4.9 shows (a) the XAFS signal recorded during the
experiment and (b) the oscillatory part after background removal.
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Figure 4.8: Rietveld renement XRD observed-calculated-dierence plots of the Al3Ti as
cast sample, Rwp=12.015%.
The data were tted in R-space in the range 1A to 6A (k-ranges 2A 1 to 11A 1),
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Figure 4.9: Al3Ti EXAFS signal.
the signal was Fourier transformed (FT) and the EXAFS was analysed using the sin-
gle and multiple scattering theory implemented in the code FEFF6 included in the
software ARTEMIS.
Data were t to the tetragonal Al3Ti(h) (space group I4/mmm) structure, however
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several combinations of the three phases, Al3Ti(h), Al3Ti(l) and Al11Ti5 were consid-
ered during the tting procedure to evaluate the presence of impurities.
A structural model of the tetragonal Al3Ti was created using a function of the
software ARTEMIS starting from literature data (Karpets et al. [50]). Space group and
cell parameters were used to calculate the atom positions within a cluster of 6A having
at the centre the Ti absorber atom. The structure has a single Ti position, therefore
a single cluster was enough to describe the material. A path list was generated by
FEFF6 and only the paths with an amplitude higher than 5% compared to the most
intense path were included in the model. A total number of 26 paths were identied,
including 8 single scattering (SS), 6 collinear and 12 triangular multiple scattering
(MS) paths, each path had its own set of variables. Figure 4.10 shows schematically
the geometry of the paths included in the calculation.
Thermal vibration was treated using two approaches resulting in two distinguish-
able models. Model one accounted 14 variables: one overall amplitude reduction S20 ,
four energy shift factor E0, seven Debye-Waller factors (DWFs) and two geomet-
rical variables  and . The second model made use of 9 parameters: one overall
amplitude reduction S20 , four energy shift factor E0, two Debye temperatures and
two geometrical variables  and . Table 4.1 summarises all the variables employed
in the two models.
The overall amplitude reduction S20 takes into account the electron losses due to
inelastic scattering. The same value was assigned to all the paths included in the
models. The energy shift E0 counteracts for the dierences of energy alignment
between theory and data, separate E0 were assigned to the Al atoms of the rst
shell Al11 and Al21, the Al in the other shells and to all the Ti atoms. The MS paths
energy shift were calculated using the four parameters just mentioned and they were
equal to the sum of the energy shift of every atom included in the path. An anisotropic
geometrical model was developed to calculate the cell parameters. Distortion of the
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Figure 4.10: Single and multiple scattering paths geometry for the tetragonal Al3Ti
structure.
88
Chapter 4. Al3Ti, Al13Cr2 and Al13Fe4 intermetallic standards
Parameter Description
Best-t value
Model 1 Model 2
S20 Passive electron reduction factor 0.573126 0.547109
E0(Al11) Energy shift for the Al11  5:49 2:32  5:75 2:28
E0(Al21) Energy shift for the Al21 7:94 0:60 7:63 0:63
E0(Al) Energy shift for the Al other than the rst shell 0:88 0:88 0:61 0:89
E0(Ti) Energy shift for the Ti 2:60 0:91 2:12 1:16
D(Al) Debye temperature for the Al-Ti bond - 37862
D(Ti) Debye temperature for the Ti-Ti bond - 35961
2(Al11) DWF for the Al11 and Al21 (rst shell) 0.01280.0042 -
2(Ti11) DWF for the Ti11 0.01060.0052 -
2(Al12) DWF for the Al12 0.00190.0008 -
2(Al22) DWF for the Al22 0.02070.0110 -
2(Ti12) DWF for the Ti12 0.00580.0043 -
2(Ti13) DWF for the Ti13 0.03000.0041 -
2(Al13) DWF for the Al13 0.01600.0059 -
 Coe. of expansion for the cell parameter a 1.0018820.000945 1.001865(0000874)
 Coe. of expansion for the cell parameter c 0.9932910.003645 0.988286(0004277)
Table 4.1: The table list all the parameters utilised in the two models to t the EXAFS
data for the Al3Ti and their best-t values.
cell was allowed along the crystallographic axis, but no angular distortion or cell
structure modication was allowed. Each path length was described geometrically as
fraction of the two cell parameters a and c, the complete expressions are shown in
table 4.2. Expansion, or contraction, of the unit cell was allowed along the cell axis
by the use of the two parameters  and , respectively coecients of expansion of the
two cell parameters a and c. The thermal parameters were treated dierently in the
two models. In the rst model seven DWFs were assigned, one for the rst shell (Al11
and Al21) and one for each of the other six SS paths. The MS values were calculated
from the SS values as described in table 4.2. In the second model the Debye-Waller
model built in the software was utilized to calculate the values of the DWFs of the
SS paths employing two Debye temperature, one for the Al atoms and another for
the Ti atoms. The MS paths thermal parameters were calculated as for the previous
model.
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N. Type Deg. 2 E0 R
y
1 SS 4 2(Al11) E0 (Al11) a
p
2=2
2 SS 8 2(Al11) E0 (Al21)
p
(c=4)2 + (a=2)2
3 SS 4 2(Ti11) E0 (Ti) a
4 MS(T) 32 2(Al21) 0.5E0 (Al11)+0.5E0 (Al21)
p
(a=2)2 + (c=4)2 + ap2=4
5 MS(T) 16 2(Al21) E0 (Al21)
p
(a=2)2 + (c=4)2 + ap2=4
6 SS 2 2(Al12) E0 (Al2nds) c=2
7 MS(T) 16 2(Ti11) 0.5E0 (Al11)+0.5E0 (Ti) (a (1 +
p
2))=2
8 MS(T) 16 2(Ti11) 0.5E0 (Al21)+0.5E0 (Ti) a=2 +
p
(a=2)2 + (c=4)2
9 SS 16 2(Al22) E0 (Al2nds)
p
(c=4)2 + (5=4) a2
10 MS(T) 16 2(Al12) 0.5E0 (Al21)+0.5E0 (Al2nds) c=4 +
p
(a=2)2 + (c=4)2
11 SS 8 2(Ti12) E0 (Ti)
p
(c2)=4 + (a2)=2
12 MS(T) 32 2(Al21) 0.5E0 (Al11)+0.5E0 (Al21)
p
(a=2)2 + (c=4)2=2 +
p
5=4 a2 + (c=4)2=2 + a (p2=4)
13 MS(T) 32 2(Al22) 0.5E0 (Al11)+0.5E0 (Al2nds)
p
(a=2)2 + (c=4)2=2 +
p
5=4 a2 + (c=4)2=2 + a (p2=4)
14 MS(T) 32 2(Al22) 0.5E0 (Al21)+0.5E0 (Al2nds)
p
(a=2)2 + (c=4)2=2 +
p
5=4 a2 + (c=4)2=2 + a (p2=4)
16 MS(T) 32 2(Ti12) 0.5E0 (Al21)+0.5E0 (Ti)
p
(a2)=2 + (c=2)2=2 +
p
(a=2)2 + (c=4)2
17 SS 4 2(Ti13) E0 (Ti) a
p
2
19 MS(C) 8 2(Ti13) 0.5E0 (Al11)+0.5E0 (Ti) a
p
2
20 MS(C) 4 22(Ti11) E0 (Al11) a
p
2
22 MS(C) 4 2(Ti13) 0.66E0 (Al11)+0.33E0 (Ti) a
p
2
29 SS 8 2(Al13) E0 (Al2nds)
p
a2 + (c=2)2
30 MS(C) 8 22(Al21) E0 (Al21)
p
(a=2)2 + (c=4)2 + (
p
(a2 + (c=2)2))=2
31 MS(C) 16 2(Al13) 0.5E0 (Al21)+0.5E0 (Al2nds)
p
(a=2)2 + (c=4)2 + (
p
(a2 + (c=2)2))=2
32 MS(C) 8 22(Al21) E0 (Al21) 2
p
(a=2)2 + (c=4)2
35 MS(C) 8 2(Ti11) 0.66E0 (Al21)+0.33E0 (Al2nds) 2
p
(a=2)2 + (c=4)2
39 MS(T) 32 2(Al22) 0.5E0 (Al21)+0.5E0 (Al2nds) a=2 + (
p
(5=4) a2 + (c=4)2 +
p
(c=4)2 + (a=2)2)=2
40 MS(T) 32 2(Al22) 0.5E0 (Al2nds)+0.5E0 (Ti) a=2 + (
p
(5=4) a2 + (c=4)2 + sqrt(c=4)2 + (a=2)2)=2
Table 4.2: Parameters relationship for every parameters path by path. In order form the
left the table contains: the path number, the type of path, the degeneracy, the DWF, the
energy shift, the change in the half path length . SS:sigle scattering; MS: multiple scattering
where T: triangular, C: collinear. (y)the path length R = Reff + R where Reff is the
starting path length calculated from the initial model and R is a tting variable.
Results
The parameter best-t values for the two models are listed in table 4.1, whereas
in table 4.3 the path by path results are reported. The FT EXAFS data and ts
are shown in gure 4.11. Statistical parameters are listed in gure 4.11, while cell
parameters are reported in table 4.5.
Despite the dierences between the two models their quality was similar. Model
one presented a better t to the data with an R=7.22% 3 instead of R=8.89% for
model two. However a higher number of variables was employed in the former, as
3
R =
NX
i=1
pts
[Im(dat(Ri)  th(Ri))]2 + [Re(dat(Ri)  th(Ri))]2
[Im(dat(Ri)) +Re(dat(Ri))]2
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a consequence the 2
4 of model one resulted higher than the one of model two.
Figure 4.11 shows how model one was able to cope better with the oscillation of the
experimental data catching more details than model two. However the t in the range
2:5A to 3:5A was poor in both the cases. That region is dominated by the signal
coming from the rst shell atoms which are Al11 and Al21 suggesting their spatial
distribution might not be symmetric and requiring the introduction into the model of
a third cumulant parameter to take into account the asymmetry of the distribution.
The values of the S20 and the four E0 were similar for the two t. The results
of the thermal parameter 2 deserves some discussion. Figure 4.12 shows the values
of the 2 for the SS paths. The two ts predicted similar values for paths 1,2 and
3, while they were dierent for the other SS paths. Model 1 shows some limitations
in the calculation of the DWF of path 6 (TicAl12), which was too low, and a large
value for path 17 (TicTi13). The Debye model used in model 2 returned better
values for the DWFs employing only two variables, the two Debye temperature for
the Al-Ti and the Ti-Ti bonds. The D(Al) was (378 62)K, while the D(Ti) was
35961 K. For comparison Sikora et al. [122] reported a value of 345K for the D(Al)
(Al-Ti bond) calculated from an EXAFS experiment on the same Al3Ti alloy, while
the literature value for the D(Ti) (Ti-Ti bond) is 420K
[123].
Lattice parameters were very similar, model 1 returning a value for the a slightly
larger than model 2, resulting in a larger cell volume.
42 = 
2= where
2 =
Nind
Npts2
NX
i=1
pts[Re(~data(Ri)  ~th(Ri))]2 + [Im(~data(Ri)  ~th(Ri))]2
and  = Nind = Nvar.
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Figure 4.11: Al3Ti EXAFS observed-calculated data and statistical values of the quality
of the t for model 1 and model 2.
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Figure 4.12: DWFs (2) values for the SS paths calculated with the model 1 and model
2.
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Model 1
Path 2 E0 Reff R R
1 0:012 83  5:489 83 2:725 20  0:018 29 2:706 92
2 0:012 83 7:943 21 2:886 10  0:005 63 2:880 49
3 0:010 64 2:600 33 3:854 00  0:025 86 3:828 16
4 0:012 83 1:226 69 4:248 70  0:014 78 4:233 95
5 0:012 83 7:943 21 4:248 70  0:014 78 4:233 95
6 0:002 00 0:884 49 4:297 00 0:008 09 4:305 12
7 0:010 64  1:444 75 4:652 20  0:031 22 4:621 00
8 0:010 64 5:271 77 4:813 10  0:018 56 4:794 57
9 0:020 76 0:884 49 4:814 80  0:024 00 4:790 83
10 0:002 00 4:413 85 5:034 60  0:001 59 5:033 05
11 0:005 87 2:600 33 5:088 30  0:002 92 5:085 42
12 0:012 83 1:226 69 5:213 00  0:023 91 5:189 12
13 0:020 76  2:302 67 5:213 00  0:023 91 5:189 12
14 0:020 76 4:413 85 5:213 00  0:023 91 5:189 12
16 0:005 87 5:271 77 5:430 20  0:007 04 5:423 20
17 0:030 03 2:600 33 5:450 40  0:036 59 5:413 84
19 0:030 03  1:444 75 5:450 40  0:036 59 5:413 84
20 0:025 67  5:489 83 5:450 40  0:036 59 5:413 84
22 0:030 03  2:765 18 5:450 40  0:036 59 5:413 84
29 0:016 02 0:884 49 5:772 10  0:011 16 5:760 98
30 0:025 67 7:943 21 5:772 10  0:011 16 5:760 98
31 0:016 02 4:413 85 5:772 10  0:011 16 5:760 98
32 0:025 67 7:943 21 5:772 10  0:011 16 5:760 98
35 0:016 02 5:534 40 5:772 10  0:011 16 5:760 98
39 0:020 76 4:413 85 5:777 50  0:027 79 5:749 74
40 0:020 76 1:742 41 5:777 50  0:027 79 5:749 74
Model 2
Path 2 E0 Reff R R
1 0:011 69  5:749 96 2:725 20  0:031 93 2:706 91
2 0:012 31 7:629 07 2:886 10  0:012 06 2:880 47
3 0:011 65 2:124 95 3:854 00  0:045 15 3:828 14
4 0:014 72 0:939 56 4:248 70  0:028 02 4:233 93
5 0:014 52 7:629 07 4:248 70  0:028 02 4:233 93
6 0:015 18 0:612 87 4:297 00 0:008 01 4:305 09
7 0:013 38  1:812 51 4:652 20  0:054 51 4:620 98
8 0:013 91 4:877 01 4:813 10  0:034 63 4:794 54
9 0:015 40 0:612 87 4:814 80  0:043 27 4:790 80
10 0:015 96 4:120 97 5:034 60  0:008 05 5:033 01
11 0:012 25 2:124 95 5:088 30  0:010 23 5:085 38
12 0:018 59 0:939 56 5:213 00  0:043 58 5:189 09
13 0:015 81  2:568 54 5:213 00  0:043 58 5:189 09
14 0:015 76 4:120 97 5:213 00  0:043 58 5:189 09
16 0:013 14 4:877 01 5:430 20  0:017 12 5:423 16
17 0:012 31 2:124 95 5:450 40  0:063 87 5:413 81
19 0:012 31  1:812 51 5:450 40  0:063 87 5:413 81
20 0:039 09  5:749 96 5:450 40  0:063 87 5:413 81
22 0:012 31  3:093 74 5:450 40  0:063 87 5:413 81
29 0:015 61 0:612 87 5:772 10  0:024 01 5:760 94
30 0:039 32 7:629 07 5:772 10  0:024 01 5:760 94
31 0:015 61 4:120 97 5:772 10  0:024 01 5:760 94
32 0:039 32 7:629 07 5:772 10  0:024 01 5:760 94
35 0:015 61 5:237 43 5:772 10  0:024 01 5:760 94
39 0:017 20 4:120 97 5:777 50  0:050 29 5:749 71
40 0:014 84 1:368 91 5:777 50  0:050 29 5:749 71
Table 4.3: Parameters best-t values path by path for model 1 and model 2. The values
obtained form the calculation for the two model were similar.
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4.1.7 Nanoindentation
Nanoindentation experiments were carried out on a sample of the as-cast Al3Ti. Tests
were performed in load control applying a force between 5mN to 20mN on selected
region of the sample. Hardness (H) and the Young's modulus (Es) were subsequently
extrapolated from the data (excluding spurious data points or unsuccessful indenta-
tion) using the Oliver and Pharr analysis as described in the experimental method
chapter (3.2.3). A poisson ratio value of =0.17 [124] was used to calculate the Es
value of the intermetallic from the reduced modulus (Er) obtained from the data.
The indentation tests are shown in gure 4.13 and the results summarized in table
4.4 and gure 4.14.
Hardness dependency to the load appeared not very signicant, whereas the
Young's modulus increased slightly with increasing loads. Available literature hard-
ness values for the Al3Ti are reported in table 4.4. Nanoindentation hardness was
higher than the one reported by Tarnacki et al. [57] for an arc-melt material and re-
semble more to the value reported for the melt spun material, whereas it was lower
than the one reported by Fischler [125]. However, it has to be taken into account the
fact literature data where measured by Vickers test and therefore caution is required
in a direct comparison between the values.
Load (mN) Hardness (GPa) Young's modulus (GPa)
10 5:52 0:40 184 15
20 5:69 0:51 204 42
5-20 5:51 0:67 192 39
Literature
Tarnacki et al. [57] Arc-melt MV(25g) 4:80 0:25 -
Tarnacki et al. [57] Melt-spun MV(25g) 5:79 0:78 -
Fleischer [125] 6.5 -
Table 4.4: Summary of the nanoindentation experiment, hardness and Es are reported
along with the literature data. MV: micro Vickers hardness.
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Figure 4.13: Optical micrograph showing the nanoindentation experiment areas carried
out on a polished sample of Al3Ti in the as-cast condition.
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Figure 4.14: Nanoindentation hardness and Young's modulus for the Al3Ti alloy.
4.1.8 Summary of investigations of the Al3Ti standard sam-
ple
The Al3Ti standard sample was made of tetragonal D022 Al3Ti, although its Ti con-
tent, measured by EDS, was a marginally lower than the stoichiometric value. Small
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amount of -Al and Al11Ti5 were detected using XRD and neutron diraction. The
fact was conrmed by the presence in the DSC trace of the trough corresponding to
the eutectic reaction Al+Al3Ti=L at 650
C. The existence of two chemically dif-
ferent Al3Ti is noteworthy, even though the dierences detected were at the limit of
the accuracy of the technique. No evidence about the existence of two composition
of Al3Ti have been found in literature and the tetragonal superstructure Al3Ti(l)
has been reported to have the same chemical composition of the high temperature
counterpart. The EDS analysis missed the detection of the Al11Ti5 phase, which was
expected from the phase diagram and detected both by neutron and x-ray diraction.
The clarication of the results would require deeper and wider analysis employing
more accurate technique such as EPMA. Annealing the material did not bring any
signicant modication of the microstructure.
The lattice parameters calculated using synchrotron x-ray radiation along with
available literature values, are summarized in table 4.5 and plotted in gure 4.15.
XRD and ND values were very close and consistent with published literature. EXAFS
returned an a parameter slightly lower than the other experimental data, while the
c value was larger, yet consistent with literature. The dierence is more evident
comparing the c=a ratio values plotted in gure 4.15(b) and the cell volume (table
4.5) and reveal the EXAFS unit cell more compact than the one calculated using
diraction methods and reported in literature. Table 4.7 lists the distances between
the Ti and the neighbours within 6A calculated from EXAFS and synchrotron data
and the values dierences were within 0:07A. The dierences between EXAFS and
the diraction techniques may be due to the dierent way in which they describe the
material: EXAFS is a local probe technique giving information of the neighborhood
of an atom within a few A whereas diraction gives a precise description of the
averaged crystal structure. Furthermore the model used in the EXAFS analysis was
anisotropic, while for Rietveld renement an isotropic model was employed.
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Figure 4.15: Lattice parameters of the tetragonal Al3Ti(h) calculated from synchrotron
experiments and literature values. Values and references are reported in table 4.5
The nanoindentation results were in fairly good agreement with literature, despite
the latter were measured by Vickers hardness test. These experiments demonstrate
the full potential of this technique to investigate the mechanical properties of single
phases within a multi-grained material.
Reference Investigation technique a (A) c (A) c/a volume (A3)
Present work EXAFS (model 1) 3:828 14(1) 8:610(1) 2:249 18 126:179
Present work EXAFS (model 2) 3:808 85(1) 8:610(1) 2:260 53 124:909
Present work Synchrotron XRD 3:853 73 8:594 61 2:230 20
Present work Neutron diraction 3:853 73(1) 8:593 82(9) 2:230 00 127:629(1)
Karpets [50] XRD(R) 3:853(1) 8:587(2) 2:228 65 127:983
Norby [63] XRD(S) 3:8537 8:5839 2:227 44 127:48
Sridharan [64] XRD 3:846 8:594 2:234 52 127:12
Brauer [65] XRD 3:836 8:579 2:2364 126:239
Maas [66] XRD 3:851 8:610 2:2358 127:688
Hansen [67] XRD 3:840 8:590 2:2370
Yamauchi [68] XRD, TEM 3:8438 8:596 2:2363
Schuster [69] XRD 3:8466 8:585 2:2318
Loo [54,70] XRD 3:849(4) 8:610(8) 2:237 127:555
Lee [52] XRD 3:849 8:606 2:2368
Braun [51] XRD 3:849(1) 8:609(1) 2:2366 127:541
Table 4.5: Lattice parameters of the tetragonal Al3Ti(h) calculated from synchrotron
experiments and the literature values.
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Atom x y z Occ. Uiso (A
2)
Neutron Synchrotron
Al1 0.5 0 0.75 1 0.00112 0.00564
Ti2 0.5 0.5 0.5 1 0.00178 0.003141
Al3 0 0 0.5 1 0.00112 0.004402
Table 4.6: Rened atomic position and thermal parameters for the Al3Ti.
Atom Neighbour Neutron XRD EXAFS 1 EXAFS 2
Ti1 Al11 2.72500(1) 2.72500 2.69327 2.70691
Al21 2.88595(2) 2.88609 2.87404 2.88047
Ti11 3.85373(1) 3.80885 3.82814
Al12 4.29691(4) 4.30501 4.30509
Al22 4.81456(2) 4.77153 4.79080
Ti12 5.08813(4) 5.07807 5.08538
Ti13 5.45000(2) 5.38653 5.41381
Al13 5.77189(3) 5.74809 5.76094
Table 4.7: Interatomic distances of the Ti up to the third shell (6A). All the values are
in A.
4.2 Al13Cr2
4.2.1 MTDATA
MTDATA software was employed to calculate the phase diagram and heat capacity
due to phase transformations for three composition close to the Al13Cr2 stoichiometry.
Figure 4.16a shown the Al-Cr phase diagram calculated with MTDATA. Line 1 corre-
sponds to the chemical composition Al80Cr20 wt.% (Al89Cr11 at.%), line 2 to Al77Cr23
wt.% (Al87Cr13 at.%) and line 3 to Al75Cr25 wt.% (Al85Cr15 at.%). Figure 4.16b
shows the calculated heat capacity as a function of temperature for the three com-
position. According to the thermodynamic simulation composition 1 presents three
peritectic reactions at 660C, 760C and 920C preceding melting at 960C, whereas
composition 2 and 3 only exhibit two peritectic reactions at 760C and 920C before
completing melt. Comparing the calculated phase diagram with the one reported in
literature by Okamoto et al. [71] shown in gure 2.19 on page 35 makes evident the
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presence of discrepancies between the two. The dierence concerns both the reaction
temperatures and the phase existence regions making the calculated phase equilibria
unreliable in order to model the present alloy composition.
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Figure 4.16: (a) Al-Cr phase diagram and (b) heat ow simulation of three dierent
composition (MTDATA, database mtsol).
4.2.2 DSC
ADSC experiment was run on a sample of as-cast Al13Cr2 up to 1300
C with a heating
rate of 10 Cmin 1 and the data shown in gure 4.17. The DSC trace presented four
main troughs labeled A, B, C and D in gure 4.17. Troughs A and B resulted sharp
and deep and occurred respectively at 655 C and 830 C, while C and D were less
pronounced and wider. C was composed by two troughs at 838 C and 885 C while
D was at 951 C.
The rst trough at 655 C corresponds to the melting of Al with the eutectic reaction
Al+Al13Cr2
L reported at 656 C in the phase diagram on page 35, whereas D is
the nal melting point of the alloy occurring at 951 C. These suggest the alloy
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composition to be close to Al89Cr11 (at.%) composition. In this case the reaction at
885 C would corresponds to the peritectic L+Al11Cr2
Al4Cr reported at 895 C by
Okamoto, while the two reaction at 830 C and 838 C could correspond to the melting
of the Al11Cr2 even though no evidence of any reaction at those exact temperatures
is reported in literature.
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Figure 4.17: DSC traces of the Al13Cr2 sample in the as-cast condition.
4.2.3 FEGSEM and EDS
The as-cast sample was inhomogeneous and multi-phase. The microstructure was
formed by lamellae and large plates of intermetallics with -Al areas between the
intermetallics (gure 4.18(a-d)). The size of the particles varied from a few tens of
µm up to a mm scale. The distribution of the particles were uniform within the
sample, however in some region near the edge their size was smaller probably because
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of the chill eect due to the contact with the Cu crucible. The Al grain size was
between 1 and 2 µm (gure 4.18e). The Cr content within the Al region, measured
by EDS, was 1.10.2at%. In the as-cast sample two other phases were detected
respectively with the 11.8at% and 17.1at% of Cr. The rst was identied as Al13Cr2
and the latter as the metastable Al11Cr2.
Annealing the material for 1 day at 500 C modied the microstructure of the
alloy. The lamellae grew and became more interconnected, whilst the plate shaped
particles disappeared and no evidence of the Al11Cr2 phase was found. The alloy
was more homogeneous with some porosity between the interconnected lamellae and
occasional isolated -Al region. The Cr content of the Al region and the chemical
composition of the Al13Cr2 were unchanged. The microstructure after annealing at
500 C is shown in gure 4.19.
The microstructure of the sample annealed for 1 week at 500C is shown in gure
4.20 and was mainly constituted by Al13Cr2 and Al. The longer annealing time did
not bring any further modication to the microstructure. The chemical composition
of the phases remained unchanged. The EDS results are summarised in gure 4.21.
4.2.4 Neutron diraction
LeBail and Rietveld renement of neutron diraction data of a solid sample of Al13Cr2
annealed for 1 day at 500 C were performed using the General Structure Analysis
software (GSAS) [117,118]. The material was mainly Al13Cr2, however traces of -Al
were present. The tting strategy was similar to the one used for the Al3Ti sample: a
LeBail t was performed rst to rene background and prole parameters and then a
full-pattern Rietveld renement was carried out including structural parameters. Due
to the small amount of -Al phase present and overlapping peaks with the monoclinic
Al13Cr2 structure, the -Al was modelled only using the LeBail approach to the t
intensities without structural information. The background was modelled using a
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(a) Big Al11Cr2 plates (b) overall microstructure
(c) Al11Cr2 and Al13Cr2 lamellae (d) Al11Cr2 and Al13Cr2 lamellae
(e) Al grains
Figure 4.18: FEGSEMmicrographs of the microstructure of the Al13Cr2 sample as-casted.
The main phases are labeled.
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Figure 4.19: FEGSEM secondary electron (SE) images of the Al13Cr2 alloy annealed for
1 day at 500C.
Figure 4.20: FEGSEM SE images of the Al13Cr2 alloy annealed for 1 week at 500
C.
`Power series in Q2n/n!' (GSAS function 4) with six terms, the prole with the
prole peak shape function 3 [118] and a structural model from Cooper [76].
The thermal parameters were xed to the ones from synchrotron XRD results and not
rened. An attempt of rening these variables was carried out without success. Their
convergence values were negative, normally linked to self-absorption or preferred ori-
entation. The neutron absorption coecient of Al and Cr are 0.2 barns and 0.8
barns [126], advising self-absorption correction should not be necessary. On the other
hand, the presence of preferred orientation is possible considering the microstruc-
ture of the sample. However, the introduction of this correction without knowing in
advance the texture will limit the precision with which thermal parameters can be
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Figure 4.21: EDS analysis results of the Al13Cr2 as cast, annealed for 1 day and 1 week
at 500 C. The average values for each samples are reported. The errors are standard
deviations.
calculated. A possible solution is to recollect the data using powder instead a solid
sample, removing or reducing the possibility of preferred orientation.
The best t of the data returned a Rwp of 6.43% and a reduced 
2 of 3.966, unit cell
values are shown later in table 4.11 while structural parameters are given in table
4.12. Observed-calculated-dierence data are shown in gure 4.22.
4.2.5 Synchrotron X-ray Diraction
Rietveld renement of data collected on a ground sample of Al13Cr2 which had been
annealed for one week at 500 C was carried out using the general prole and structure
analysis software for powder diraction data, Topas Academic. Preliminary analysis
of the data showed that the sample contained -Al as an impurity phase, therefore a
multiphase renement of the data was carried out.
Data were modelled using the Chubychev background function with 9 parameters,
the Thomson-Cox-Hasting pseudo Voigt prole function and the structural model by
Cooper [76]. The renement converged with a nal Rwp of 7.133% with the rened
lattice parameters reported in table 4.11. The weight fractions were calculated using
the MVW macro of TOPAS academic and gave values for Al13Cr2 and -Al of 0.92,
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Figure 4.22: Observed-calculated-dierence plots of the Al13Cr2 as cast sample, -
Rwp=6.43%.
0.08 respectively. The observed-calculated-dierence plots are shown in gure 4.23,
the nal rened atomic positions and thermal parameters are given in table 4.12 and
the calculated bond lengths in table 4.13.
4.2.6 EXAFS
Fitting strategy
The EXAFS was recorded in uorescence over the sample annealed for 1 day around
the Cr edge (5989 eV) from about 150 eV below up to 600 eV above it using a micro-
focused beam. Background subtraction was performed using the AUTOBANK algo-
rithm. Figure 4.24 shows (a) the recorded signal and (b) the oscillatory EXAFS after
background subtraction.
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Figure 4.23: Observed-calculated-dierence plots of the Al13Cr2 as-cast sample,
Rwp=7.133%.
5800 5900 6000 6100 6200 6300 6400 6500 6600
-3.2
-3.0
-2.8
-2.6
-2.4
-2.2
Energy (eV)
Energy (eV)
 Data
 Bkg
 preline
 postline
(a)
0 2 4 6 8 10 12
-1.0
-0.5
0.0
0.5
1.0
1.5
 
 
K2
Å
(b)
Figure 4.24: (a) Al13Cr2 EXAFS recorded signal as a function of energy and (b) the
oscillatory part after background subtraction.
Data were tted in R space within the range 1A to 6A (k-ranges from 2A 1 to 9:95A 1)
using a Hanning window.
The Al13Cr2 has a monoclinic structure (space group C2/m) with three distinguished
crystallographic Cr sites. Each Cr atom is surrounded by 12 atoms (rst shell) forming
irregular icosahedra as described by Cooper [76]. Hence, the recorded EXAFS signal
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was an average of the signal coming from each single Cr site. Due to the overlapping
of the signal coming from the three Cr sites and the impossibility to separate them a
dierent tting strategy was adopted compared to the one used for the Al3Ti. Data
were tted using simultaneously three models (FEFF calculations), one for each Cr
absorbing atom positions. SS and MS collinear paths were considered up to the third
shell. A total of 98 SS and 33 MS were included in the t. The Debye and Einstein
models were used to calculate the thermal parameters using only one variable. In
total only ve parameters were used to t the data: an overall amplitude reduction
S20 , three energy shift E0 and a Debye temperature. Their description and values
are reported in table 4.8.
Parameter Description
Best-t value
Debye Einstein
S20 Passive electron reduction factor 0:678 0:039 0:628 0:032
E0(Cr) Energy shift for the Cr 0:07  1:02  2:68  0:93
E0(Al1s) Energy shift for the Al rst shell 2:48  0:37 2:87  0:32
E0(Al) Energy shift for the Al other than the rst shell 5:19  0:24 5:31  0:24
D Debye or Einstein temperature 38129 32226
Table 4.8: Fitting parameters for the Al13Cr2 standard.
Results
The FT EXAFS data and their best t are shown in gure 4.25, while the statistical
parameters are listed in table 4.9. The use of the Debye or the Einstein models
returned similar results, however the latter one tted the experimental signal slightly
better. Overall the quality of the ts was very good and the results in agreement
with the other synchrotron data, Al13Cr2 was the only Cr containing phase present
and no trace of Al11Cr2 was found.
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Model Debye 0:0363 1852:0 92:62
Model Einstein 0:0330 1839:5 91:99
Table 4.9: Statistical parameters for the
two ts.
Figure 4.25: Al13Cr2 EXAFS data and best ts.
4.2.7 Nanoindentation
Nanoindentation experiments were run on a sample of the as-cast Al13Cr2. Tests
were performed in load control at 10 and 20 mN on selected regions of the sample.
Hardness (H) and the Young's modulus (Es) were subsequently extrapolated from the
data (excluding spurious data points or data from unsuccessful indentations) using
the Oliver and Pharr analysis as described in the experimental method chapter. A
Poisson's ratio value of =0.22 was used to calculate the Es value of the intermetallic
from the reduced modulus (Er) obtained from the data. The sample contained three
phases: -Al, Al13Cr2 and Al11Cr2. Due to the poor quality of some of the experiments
and to the impossibility of distinguishing the Al13Cr2 from Al11Cr2 on the optical
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microscope during the test, it was not possible to have advance knowledge of which
phase was indented. Therefore the large plates which returned good quality data
resulted to be Al11Cr2 (the identication was done by EDS). Thus, the results reported
as follow correspond to the Al11Cr2 phase and not to the Al13Cr2 one. The indentation
tests are shown in gure 4.26, experiment 57 included 20 indentations 6 of which were
excluded (ticked with yellow arrows in gure 4.26(a)) because of their very low value
due to the thickness of the plate next to the edge. Experiment 59 (4.26(b)) presented
only one spurious data point which fell between two lamellae instead being on one of
them. The results are summarized in gure 4.27 and table 4.10. Both hardness and
Young's modulus were almost independent from the load. The hardness value for the
Al11Cr2 was 6.490.66 GPa at 10 mN and 6.910.80 GPa at 20 mN, whereas The Es
was 15012 GPa and 1558 GPA respectively at 10 mN and 20 mN. No literature
data were found as a comparison.
(a) (b)
Figure 4.26: Nanoindentation experiment.
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Load (mN) Hardness (GPa) Young's modulus (GPa)
10 6:91 0:80 155  8
20 6:49 0:66 150 12
Table 4.10: Nanoindentation hardness and Young's modulus mean values and standard
deviation at 10 and 20 mN for the Al11Cr2 phase.
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Figure 4.27: Nanoindentation hardness and Young's modulus for the Al11Cr2 alloy. (a)
hardness mean value at 10 and 20 mN, (b) Young's modulus Es mean value at 10 and 20
mN.
4.2.8 Summary of investigations of the Al13Cr2 standard sam-
ple
The electron microscopy and DSC analysis showed the as-cast sample contained
at least three phases Al13Cr2, -Al and a third metastable phase identied as the
Al11Cr2. DSC data suggested even the presence of Al4Cr, but it was not conrmed
by the microstructural investigation. However, the annealing dissolved the metastable
phase and the annealed samples contained only of Al13Cr2 and a small amount of -
Al.
The synchrotron x-ray and neutron analysis were run on the annealed samples.
Firstly, the acceptable t obtained with the neutron and x-ray Rietveld renement
to the data using the Cooper [76] structural model conrmed its validity in describing
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the monoclinic Al13Cr2. Neutron and XRD unit cell values (table 4.11) were almost
identical to the values reported by Cooper, although the a parameter was slightly
larger. The EXAFS analysis using the Cooper model returned a good t conrming
the consistency of the model with the material under investigation.
The rened atom positions were consistent with the structural model, however dier-
ences were present for the atoms Al2, Al3, Al7, Al8, Al10, Al11 and Al14 (table 4.12).
The bond lengths are summarized in table 4.13. A comparison between the values
illustrates how the atomic arrangement within the unit cell was dierent for the three
models. Some bonds dier by a value grater than 5% and strengthen the interest
and importance in an accurate renement of the structure. Renement of Uiso during
the analysis of the neutron data presented some problems possibly due to preferred
orientation and inaccuracy and need further analysis or re-collection of data using a
ground sample.
Although nanoindentation experiment were successful in determining hardness and
Young's modulus of single particles of the Al11Cr2 phase, the mechanical properties
need further investigation.
Parameter Cooper [76] Neutron Synchrotron
a (A) 25.19(2) 25.2815(3) 25.28363
b (A) 7.574(3) 7.59445(8) 7.59537
c (A) 10.949(9) 10.9654(1) 10.96631
 () 128.72 128.756(1) 128.73973
Table 4.11: Cell parameter of the Al13Cr2 standard.
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Table 4.12: Atom positions and thermal parameters of the compound Al13Cr2. The
values given by Cooper [76] (black font) are compared with the one obtained from Rietveld
renement of the neutron diraction data (red font) and synchrotron XRD (Blue). The
neutron Uiso listed are the one used during the renement. The values were approximated
to the XRD ones and not rened.
Atom x y z Uiso (A
2)
Cr1 0.00000 0.00000 0.00000
0.00000 0.00000 0.00000 0.007
0.00000 0.00000 0.00000 0.007584
Cr2 0.25050 0.00000 0.26300
0.2466 0.00000 0.2472 0.010
0.25004 0.00000 0.2615 0.010808
Cr3 0.08540 0.32400 0.75250
0.0829 0.3150 0.7550 0.011
0.08513 0.32414 0.75278 0.011043
Al1 0.00000 0.50000 0.50000
0.00000 0.50000 0.50000 0.003
0.00000 0.50000 0.50000 0.003018
Al2 0.61520 0.00000 0.00050
0.6156 0.00000 0.0042 0.012
0.6148 0.00000 0.00068 0.012485
Al3 0.29320 0.00000 0.07450
0.2875 0.00000 0.0580 0.013
0.29172 0.00000 0.06627 0.013481
Al4 0.37500 0.00000 0.38400
0.3755 0.00000 0.3805 0.007
0.37459 0.00000 0.3825 0.007459
Al5 0.52140 0.00000 0.28700
0.5244 0.00000 0.2882 0.012
0.52222 0.00000 0.2862 0.012696
Al6 0.08100 0.00000 0.72350
0.0812 0.00000 0.7208 0.009
0.08276 0.00000 0.72197 0.009738
Al7 0.12850 0.00000 0.14450
0.1294 0.00000 0.1403 0.008
0.12961 0.00000 0.14684 0.008179
Al8 0.09120 0.00000 0.34100
0.0888 0.00000 0.3269 0.015
0.08928 0.00000 0.33603 0.015016
Al9 0.22450 0.00000 0.45750
0.2260 0.00000 0.4639 0.009
0.22415 0.00000 0.46036 0.009603
Al10 0.18200 0.18500 0.00900
0.1777 0.1826 0.0040 0.005
0.17999 0.18459 0.00694 0.00572
(Continued)
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Table 4.12 { Continued
Atom x y z Uiso (A
2)
Al11 0.06920 0.32050 0.14850
0.0720 0.3129 0.1510 0.012
0.06989 0.31779 0.14873 0.012803
Al12 0.96430 0.18800 0.13300
0.9638 0.1873 0.1399 0.011
0.96571 0.18897 0.13531 0.011319
Al13 0.31000 0.31550 0.24050
0.3079 0.3121 0.2373 0.012
0.31015 0.31192 0.23929 0.012218
Al14 0.04560 0.19550 0.46950
0.0486 0.1901 0.4728 0.010
0.04709 0.19358 0.47052 0.010653
Al15 0.16550 0.30700 0.47600
0.1623 0.3100 0.4762 0.012
0.16478 0.30872 0.47569 0.012015
Al16 0.20650 0.31450 0.27800
0.2070 0.3087 0.2815 0.009
0.20678 0.31167 0.27748 0.00955
Table 4.13: Al7Cr bond lengths comparison between the values obtained using x-ray and
neutron diraction and the data reported by Cooper [76].
Atom Neighbours Distance (A)
Cooper Neutron XRD
Cr1 2 Al7 2.570(7) 2.602(11) 2.59372
2 Al8 2.922(7) 2.785(12) 2.87471
4 Al11 2.836(5) 2.815(9) 2.82873
4 Al12 2.567(5) 2.642(9) 2.57364
Cr2 1 Al3 2.860(9) 2.838(16) 2.91856
1 Al4 2.534(9) 2.606(17) 2.53922
1 Al7 2.483(9) 2.409(16) 2.46185
1 Al9 2.592(9) 2.733(16) 2.64022
2 Al10 2.588(7) 2.500(14) 2.58988
2 Al13 2.911(7) 2.870(12) 2.90608
2 Al15 2.693(7) 2.800(15) 2.69941
2 Al16 2.675(7) 2.667(11) 2.65909
Cr3 1 Cr3 2.666(5) 2.617(8) 2.67144
1 Al1 2.577(3) 2.702(13) 2.57560
1 Al2 2.678(7) 2.916(12) 2.68049
1 Al3 2.740(7) 2.691(14) 2.77197
1 Al4 2.620(7) 2.820(13) 2.62928
(Continued)
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Table 4.13 { Continued
Atom Neighbours Distance (A)
Cooper Neutron XRD
1 Al5 2.785(7) 2.418(8) 2.80742
1 Al6 2.468(3) 2.453(10) 2.48066
1 Al10 2.531(6) 2.315(11) 2.50555
1 Al12 2.481(6) 2.876(11) 2.48734
1 Al13 2.796(6) 2.805(19) 2.79243
1 Al14 2.772(6) 2.792(17) 2.78632
1 Al14 2.786(6) 2.810(16) 2.81245
Al1 2 Al4 2.559(7) 2.541(13) 2.56922
2 Al5 2.701(7) 2.752(11) 2.73153
4 Al14 2.688(5) 2.757(19) 2.72405
Al2 1 Al3 2.891(10) 2.927(18) 2.88046
1 Al5 2.875(10) 2.932(18) 2.87375
2 Al10 2.887(6) 2.878(11) 2.88426
2 Al11 2.856(9) 2.837(14) 2.85446
2 Al12 2.844(6) 2.862(12) 2.85467
2 Al16 2.792(9) 2.811(14) 2.79884
Al3 1 Al4 2.652(10) 2.758(17) 2.79596
2 Al10 2.762(6) 2.792(10) 2.75935
2 Al10 2.797(9) 2.814(13) 2.84058
2 Al13 2.869(6) 2.912(11) 2.88505
2 Al13 3.073(9) 2.925(13) 3.01681
Al4 1 Al5 2.843(10) 2.845(17) 2.85362
2 Al13 2.767(6) 2.765(12) 2.74434
2 Al14 2.810(6) 2.819(20) 2.81801
2 Al15 2.734(9) 2.711(16) 2.73084
Al5 2 Al11 2.806(9) 2.826(13) 2.81333
2 Al12 2.734(6) 2.741(11) 2.72054
2 Al14 2.857(6) 2.909(19) 2.88218
2 Al15 3.201(9) 3.080(14) 3.16964
Al6 2 Al10 2.882(20) 2.834(14) 2.85658
2 Al12 2.834(20) 2.796(14) 2.90035
2 Al13 2.881(20) 2.915(14) 2.84829
2 Al14 2.763(20) 2.712(21) 2.73247
2 Al14 2.905(20) 2.939(21) 2.95341
Al7 1 Al8 2.834(10) 2.805(19) 2.82700
1 Al9 2.696(10) 2.776(16) 2.69235
2 Al10 2.910(9) 2.816(14) 2.89618
2 Al11 2.865(6) 2.826(12) 2.85405
2 Al12 2.807(9) 2.820(14) 2.84766
2 Al16 2.845(6) 2.818(11) 2.82219
Al8 1 Al9 2.747(10) 2.787(20) 2.76914
2 Al11 3.031(6) 2.919(11) 3.00417
2 Al12 2.893(9) 2.847(14) 2.83889
2 Al14 2.739(9) 2.777(22) 2.72836
(Continued)
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Table 4.13 { Continued
Atom Neighbours Distance (A)
Cooper Neutron XRD
2 Al15 2.766(6) 2.805(12) 2.79800
Al9 2 Al15 2.803(9) 2.856(13) 2.83266
2 Al15 2.831(6) 2.902(12) 2.84528
2 Al16 2.667(9) 2.617(13) 2.66035
2 Al16 2.939(6) 2.920(11) 2.95237
Al10 1 Al10 2.802(10) 2.774(18) 2.80406
1 Al12 2.978(7) 2.866(11) 2.96866
1 Al13 2.761(7) 2.793(12) 2.78622
1 Al13 2.861(7) 2.888(10) 2.86297
1 Al16 2.784(7) 2.811(12) 2.77081
Al11 1 Al11 2.719(7) 2.842(20) 2.76790
1 Al11 2.935(10) 2.842(20) 2.94998
1 Al12 2.732(7) 2.827(10) 2.72618
1 Al12 2.825(7) 2.880(11) 2.82152
1 Al15 2.814(7) 2.781(11) 2.80187
1 Al16 2.806(7) 2.755(11) 2.80333
Al12 1 Al12 2.848(10) 2.845(19) 2.87060
1 Al14 2.894(7) 2.850(17) 2.87775
Al13 1 Al13 2.794(10) 2.853(19) 2.85707
1 Al14 2.990(7) 2.972(18) 2.86330
1 Al15 2.914(7) 2.888(13) 2.92083
1 Al16 2.881(7) 2.879(11) 2.89414
Al14 1 Al14 2.763(7) 2.869(34) 2.83110
1 Al14 2.961(10) 2.89(4) 2.94063
1 Al15 3.095(7) 2.994(20) 3.06778
Al15 1 Al15 2.923(10) 2.886(20) 2.90569
1 Al16 2.772(7) 2.792(12) 2.77619
1 Al16 2.925(7) 2.975(10) 2.95664
Al16 1 Al16 2.810(10) 2.905(19) 2.86088
4.3 Al13Fe4
4.3.1 MTDATA
The calculated phase diagram of the Al-Fe system is shown in gure 4.28. Line 1 cor-
responds to a chemical composition Al65Fe35 wt.% (Al79Fe21 at.%), line 2 to Al61Fe39
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wt.% (Al76Fe24 at.%) and line 3 to Al57Fe43 wt.% (Al73Fe27 at.%). The simulated
diagram was in agreement with the published version shown in gure 2.23 on page
40 [90]. Figure 4.29a shows the MTDATA calculated heat capacity as function of tem-
perature for the three compositions. Composition 1 exhibited an eutectic reaction at
660C and a melting point slightly above 1000C, composition 2 and 3 did not show
any reaction before melting, which occurred at about 1100C.
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Figure 4.28: (a) Al-Fe phase diagram and (b) heat capacity calculation of three dierent
composition (MTDATA, database mtsol).
4.3.2 DSC
A DSC experiment was run on a sample of as-cast Al13Fe4 up to 1300
C with a
heating rate of 10 Cmin 1, data are shown in gure 4.29. The sample data presented
three troughs at 650C (A), 701C (B) and 1130C (C). The presence of a trough at
648 C is due to -Al in the solid sample, the trough was small suggesting a small
amount of -Al. The melting point occurred at 1113 C consistent with the calculated
composition 2 or 3. The trough B does not match any known reaction, it might be
due to the presence of impurity within the tested sample.
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Figure 4.29: DSC trace of the Al13Fe4 sample in the as-cast condition.
4.3.3 FEGSEM and EDS
On the overall the alloy was composed by an inhomogeneous combination of elongated
dendrites of Al13Fe4 with a small amount of Al between the features (see gure 4.30).
The EDS analysis showed an Fe content within the Al13Fe4 phase was 21.20.7at%
in the as-cast sample, 20.90.5at% for the annealed 1 day at 500 C and 20.20.2at%
for the sample annealed 1 week at 500 C as shown in gure 4.33.
The annealing did not apport any change to the microstructure of the material, which
is shown in gures 4.31 and 4.32.
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Figure 4.30: FEGSEM SE images of the as cast Al13Fe4 microstructure.
Figure 4.31: FEGSEM SE images of the microstructure of the Al13Fe4 annealed for 1 day
at 500C.
4.3.4 Neutron diraction
LeBail and Rietveld methods were used to analyse neutron diraction data collected
on a sample of as-cast Al13Fe4. Data were analysed using the General Structure Anal-
ysis software (GSAS) [117,118].
The sample showed reections matching the monoclinic Al13Fe4 and -Al, therefore
a multi-phase analysis was carried out. The background was modelled using a `Power
series in Q2n/n!' (GSAS function 4) with 6 terms, the prole with the prole peak
shape function 3 and a structural model for Al13Fe4 from Black
[91]. Rietveld rene-
ment was performed introducing the structural parameters into the LeBail model.
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Figure 4.32: FEGSEM SE images of the microstructure of the Al13Fe4 annealed for 1
week at 500C.
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Figure 4.33: EDS analysis results of the Al13Fe4 as cast, annealed for 1 day and 1 week
at 500 C. The average values and standard deviations are reported for each samples .
Convergence was achieved with a Rwp of 19.47% and a reduced 
2 of 12.06. The
results are reported in tables 4.15 and 4.16. The observed-calculated-dierence data
are shown in gure 4.34.
The quality of the t of the data was not acceptable and improvements to the re-
nement is required. Although the unit cell parameters and atom positions were
successfully rened, the renement of the thermal parameters was incomplete. The
Uiso of the atoms Al1, Al2, Al3, Al4, Al11, Al12, Al15, Fe1 and Fe4 tended to be non-
positive denite and were xed to a more constrained value of 0:01A, a reasonable
approximation for a system of this kind. The values of the thermal parameters for the
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other atoms were successfully rened and are listed in table 4.16. The poor structural
parameter renement might be due to preferred orientation or self-absorption of one
of the two element species. As for the Al-Cr material the preferred orientation is the
most plausible cause and requires further analysis. The use of a correction function
could be employed or a more appropriate solution would be recollect the data using
a powder sample instead of a bulk rod.
Figure 4.34: Observed-calculated-dierence plots of the Al13Fe4 as cast sample.
4.3.5 Synchrotron X-ray Diraction
Rietveld renement of data collected on a sample of a sample of Al13Fe4 that had
been annealed for one week at 500 C was carried out using the general prole and
structure analysis software for powder diraction data, Topas Academic.
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Preliminary analysis of the data showed that the sample contained a slight impu-
rity phase, with the peak positions matching those of Al. A multiphase renement
of the data was therefore carried out using reported structural model of Al13Fe4 from
Black [91].
Data were modelled using the Chubychev background function with 9 parameters,
the Thomson-Cox-Hasting pseudo Voigt prole. The renement converged with a
nal Rwp of 13.587%, the rened lattice parameters are reported in table 4.15. The
weight fractions were calculated using the MVW macro of TOPAS academic and gave
values for Al13Fe4 and -Al of 0.96, 0.04. The observed-calculated-dierence plots are
shown in gure 4.35, the nal rened atomic positions and thermal parameters are
given in table 4.16 and the calculated bond lengths in table 4.17 . This conrms the
structural model of Al13Fe4 to t that of the model reported by Black.
Figure 4.35: Observed-calculated-dierence plots of the Al13Fe4 as cast sample.
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4.3.6 EXAFS
EXAFS experiments were run on a sample of Al13Fe4 annealed 1 day at 500
C. The
signal was recorded in uorescence around the Fe K edge (7119 eV) from about 150 eV
before the edge up to 600 eV after it. The quality of the data was poor due to the
presence of a high noise level. The background removal was performed using the
AUTOBANK algorithm and the software Pyspline, however the extracted EXAFS
signal was weak showing damped oscillations. Figure 4.9 shows the EXAFS signal
recorded during the experiment and the oscillatory part after background removal.
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Figure 4.36: Al13Fe4 EXAFS signal.
The structure of the Al13Fe4 is monoclinic with space group C2/m, the unit cell
contains ve Fe atom positions. The structure could be described in term of ve
icosahedra around the Fe atoms. Trials to t the data were carried out both using
a complex model including all the ve icosahedra included in the structure and a
simplied model with only a icosahedron with average distances. However the tting
procedure was unsuccessful and no meaningful information could be extracted from
the data. The repetition of the experiment using a dierent sample has been consid-
ered and will be discussed with the beamline scientist. Due to the complexity of the
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structure of Al13Fe4, the collection of high quality data with small noise disturbance
is a key factor to be able to extract structural information.
4.3.7 Nanoindentation
Nanoindentation experiments were run on a sample of the as cast Al13Fe4. Tests
were performed in load control at 10 and 20 mN on selected region of the sample.
Hardness (H) and the Young's modulus (Es) were subsequently extrapolated from the
data (excluding spurious data points or data from unsuccessful indentations) using
the Oliver and Pharr analysis as described in the experimental method chapter. A
Poisson ratio value of =0.22 was used to calculate the Es value of the intermetallic
from the reduced modulus (Er) obtained from the data. The indentation tests are
shown in gure 4.37 and the results summarized in table 4.14 and gure 4.38. The
hardness value was 8.151.34 GPa at 10 mN and 7.921.41 GPa at 20 mN while the
Young's modulus was 15911 GPa and 16618 GPa respectively at 10 mN and 20
mN.
Load (mN) Hardness (GPa) Young's modulus (GPa)
10 8:15 1:34 159 11
20 7:92 1:41 166 18
Table 4.14: Nanoindentation hardness and Young's modulus mean values and standard
deviations at 10 and 20 mN for the Al13Fe4 phase.
4.3.8 Summary of investigations of the Al13Fe4 standard sam-
ple
Electron microscopy and DSC investigations showed Al13Fe4 and -Al were in all
the samples under all the annealing conditions. The Fe content determined by EDS
within the material was slightly lower than the stoichiometric value for the phase
Al13Fe4.
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Figure 4.37: The images depict the nanoindentation experiment areas. The indentations
are arrowed for the experiments 60 ad 63.
The renement of the synchrotron data is not complete, however, as already discussed
in the previous section neutron data suered of preferred orientation due to the bulk
nature of the sample. As for the XRD the poor t seemed to be correlated with the
prole peak shape and a fundamental parameters approach, derived from the physical
constants of the optics of the beamline and the diractometer, could be employed to
improve the peak prole. Despite the limitation of the ts the results were enough to
show the material was composed of monoclinic Al13Fe4 with traces of -Al. It also
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Figure 4.38: Nanoindentation hardness and Young's modulus for the Al13Fe4 alloy.(a)
hardness mean value at 10 and 20 mN, (b) Young's modulus Es mean value at 10 and 20
mN.
conrmed the structural model by Black was able to describe the present material.
The lattice parameters calculated from neutron and x-ray data were almost identical
and in agreement with published values (table 4.15). Renement of the atom positions
from ND and XRD returned values lightly dierent for the Al atoms, whereas the Fe
positions were similar and overall they were in good agreement with the values from
Black (table 4.16). Neutron bond lengths needs to be revised, the presence of some
values less than 2A warn that something in the renement was not correct. XRD
bond lengths were more reliable.
Parameter Neutron Synchrotron Black [91]
a (A) 15.5075(1) 15.51108 15.489(1)
b (A) 8.05967(3) 8.05992 8.0831(5)
c (A) 12.46965(8) 12.46851 12.476(2)
 () 107.7270 107.71721 107.716(2)
Rwp 19.47% 13.587%
Table 4.15: Cell parameter of the Al13Fe4 standard.
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Table 4.16: The atom positions of the compound Al13Fe4 are listed accorded to the
description given by Black [91] (black font) and compared with the one obtained from the
Rietveld renement of the Neutron diraction data (red font) and synchrotron XRD (Blue).
Atom x y z Uiso (A
2)
Fe1 0.0865 0.00000 0.3831
0.08617 0.00000 0.3865 0.010000
0. 0.00000 0.38293 0.009967
Fe2 0.4018 0.00000 0.6243
0.4078 0.00000 0.6115 0.007832
0.40382 0.00000 0.62233 0.009262
Fe3 0.0907 0.00000 0.9890
0.0917 0.00000 0.9894 0.001495
0.09099 0.00000 0.99145 0.01412
Fe4 0.4001 0.0000 0.9857
0.4096 0.00000 0.9885 0.010000
0.40453 0.00000 0.98695 0.008603
Fe5 0.3188 0.2850 0.2770
0.3122 0.29426 0.2693 0.003321
0.31833 0.29341 0.2776 0.010178
Al1 0.0645 0.00000 0.1730
0.0356 0.0 0.1575 0.010000
0.06613 0.00000 0.17725 0.014505
Al2 0.3223 0.00000 0.2778
0.3540 0.00000 0.3503 0.010000
0.32066 0.00000 0.27772 0.053791
Al3 0.2352 0.00000 0.5392
0.2507 0.00000 0.5593 0.010000
0.23761 0.00000 0.53668 0.016937
Al4 0.0812 0.00000 0.5824
0.0576 0.00000 0.5697 0.010000
0.07464 0.00000 0.58135 0.006379
Al5 0.2317 0.00000 0.9729
0.2449 0.00000 0.9486 0.000520
0.24076 0.00000 0.95938 0.009105
Al6 0.4803 0.00000 0.8277
0.4965 0.00000 0.8462 0.031895
0.47914 000000. 0.82693 0.000179
Al7 0.00000 0.50000 0.50000
0.00000 0.50000 0.50000 0.024329
0.0 0.50000 0.50000 0.025091
Al8 0.3100 0.00000 0.7695
0.2367 0.00000 0.8355 0.037963
0.30851 0.00000 0.77215 0.00863
Al9 0.0869 0.00000 0.7812
0.0798 0.00000 0.7775 0.006576
0.08628 0.00000 0.78902 0.010508
(Continued)
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Table 4.16 { Continued
Atom x y z Uiso (A
2)
Al10 0.1883 0.2164 0.1111
0.1919 0.2090 0.1067 0.002803
0.18429 0.21247 0.10981 0.011082
Al11 0.3734 0.2110 0.1071
0.3412 0.2078 0.0892 0.010000
0.36666 0.21109 0.10919 0.018685
Al12 0.1765 0.2168 0.3343
0.1842 0.2149 0.3469 0.010000
0.17605 0.22002 0.33395 0.010927
Al13 0.4959 0.2832 0.3296
0.4868 0.2412 0.3280 0.001131
0.50746 0.23076 0.67089 0.011546
Al14 0.3664 0.2238 0.4799
0.4239 0.1631 0.5488 0.072902
0.50746 0.21955 0.48179 0.01294
Al15 0.00000 0.2441 0.00000
0.00000 0.2292 0.00000 0.010000
0.00000 0.24898 0.00000 0.013616
Table 4.17: The bond lengths calculated up to 3:2A for the synchrotron data and the
model from Balck [91].
Atom Neighbours Distance (A)
Black Neutron XRD
Fe1 1 Al1 2.5383 2.719(16) 2.49061
1 Al3 2.5233 2.715(21) 2.54573
2 Al4 2.5127 2.513(20) 2.52657
1 Al4 2.7591 2.567(25) 2.65961
1 Al9 2.8397 2.842(21) 2.87290
2 Al12 2.4283 2.373(15) 2.45653
2 Al13 2.2171 2.627(11) 2.57991
2 Al14 2.7711 2.870(17) 2.79117
Fe2 1 Al3 2.4735 2.323(27) 2.46970
1 Al6 2.4576 2.829(20) 2.46280
1 Al7 2.4808 2.278(9) 2.43877
2 Al12 2.7127 2.835(13) 2.70197
2 Al13 2.7435 2.504(11) 2.41608
2 Al14 2.4934 1.588(19) 2.43422
Fe3 1 Al1 2.4498 2.247(23) 2.46547
1 Al1 2.6279 2.503(20) 2.68407
1 Al5 2.2532 2.577(22) 2.47570
(Continued)
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Table 4.17 { Continued
Atom Neighbours Distance (A)
Black Neutron XRD
1 Al9 2.5752 2.592(16) 2.50102
2 Al10 2.5027 2.452(11) 2.43385
2 Al11 2.7585 2.866(12) 2.80531
2 Al15 2.4501 2.359(10) 2.47745
1 Fe3 2.905 2.934(15) 2.89406
Fe4 1 Al5 2.5643 2.449(23) 2.45843
1 Al6 2.6305 2.533(27) 2.58601
1 Al6 2.4952 2.132(22) 2.46971
1 Al8 2.6328 2.778(29) 2.63645
2 Al10 2.7535 2.873(11) 2.77114
2 Al11 2.399 2.515(14) 2.47716
2 Al15 2.5567 2.574(10) 2.48010
1 Fe4 3.0054 2.729(16) 2.88058
Fe5 2 Al2 2.3042 2.582(9) 2.36753
2 Al4 2.6158 2.897(16) 2.61626
2 Al8 2.5753 2.105(15) 2.50925
2 Al9 2.5152 2.548(20) 2.52773
1 Al10 2.476 2.399(11) 2.54663
1 Al11 2.5802 2.519(13) 2.52421
1 Al12 2.5753 2.539(15) 2.57695
1 Al13 2.6191 2.617(14) 2.62748
Al1 1 Al9 2.5771 2.177(34) 2.51686
2 Al10 2.8696 3.171(25) 2.82509
2 Al15 2.87 2.630(14) 2.93110
Al2 2 Al12 3.1043 3.141(32) 3.10194
2 Al13 3.4395 2.906(26) 3.15960
2 Al14 3.008 2.720(27) 3.00723
Al3 1 Al4 2.6005 3.037(31) 2.74417
2 Al12 3.0029 3.068(17) 3.00592
2 Al12 2.8788 2.637(14) 2.84713
2 Al14 2.9773 3.029(33) 2.70862
Al4 1 Al3 2.6005 3.037(31) 2.74417
1 Al4 2.7215 2.08(4) 2.56762
1 Al9 2.4548 2.507(23) 2.54381
2 Al13 2.5496 2.643(15) 2.78315
2 Al14 2.5751 3.146(21) 2.67994
Al5 1 Al8 3.1279 1.377(26) 2.83260
1 Al9 2.7359 2.790(28) 2.66752
2 Al10 2.6814 2.711(15) 2.83541
2 Al10 2.946 2.896(17) 2.87559
2 Al11 2.8485 2.552(17) 2.82879
2 Al11 2.8796 2.677(15) 2.83679
Al6 2 Al11 2.7538 2.926(27) 2.85319
2 Al13 3.1093 2.984(19) 2.82655
(Continued)
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Table 4.17 { Continued
Atom Neighbours Distance (A)
Black Neutron XRD
2 Al15 2.9314 2.895(16) 2.89749
Al7 4 Al13 3.1115 2.855(8) 2.80747
4 Al14 2.7021 1.982(22) 2.73299
Al8 2 Al10 2.7296 2.600(15) 2.72597
Al9 2 Al11 2.6936 2.928(15) 2.63744
2 Al13 2.3553 2.514(13) 2.69399
Al10 1 Al11 2.6617 2.390(22) 2.66712
1 Al11 2.8829 2.433(15) 2.83468
1 Al12 2.8456 3.033(15) 2.83772
1 Al15 2.8314 2.872(14) 2.78224
Al11 1 Al13 2.9052 3.154(16) 2.84412
1 Al15 2.7124 3.038(16) 2.81488
Al12 1 Al13 2.78 3.019(20) 2.85851
1 Al14 2.6425 2.607(29) 2.58515
Al13 1 Al14 2.7097 1.838(23) 2.72842
Al14 1 Al14 3.618 2.629(32) 2.
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Al93Fe3Cr2Ti2
The chapter contains the results of the investigations carried out on a 19 kg billet
of Al93Fe3Cr2Ti2 produced by spraycasting at Oxford University. The microstruc-
ture of the material in the as-spraycast condition, after hot isostatic pressing (HIP)
and after annealing for 1 week at 600 C was studied along with the microstructure
of the overspray powder. A range of laboratory techniques used in the investiga-
tions included dierential scanning calorimetry (DSC), scanning and transmission
electron microscopy (SEM, TEM), with energy dispersive spectroscopy (EDS) and
selected area diraction (SAD) and synchrotron techniques. The high resolution
powder diraction (HRPD) I11 and microfocus spectroscopy I18 beamlines at the
Diamond Light Source synchrotron were employed for x-ray diraction, EXAFS and
-XRD experiments. The results of tensile and compressive test at room temperature
and up to 500 C of the as-spraycast (SC), HIP, HIP and forged (HIP/F) and HIP
and extruded (HIP/E) materials carried out at Oxford University are analysed and
discussed along with the hardness Vickers measurement conducted at Loughborough
University.
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5.1 Overspray powder
5.1.1 DSC
A DSC experiment was run on a sample of overspray powder up to 1300 C with a
heating rate of 10 Cmin 1, the data shown in gure 5.1. Despite the use of a con-
trolled atmosphere during the experiment, powder oxidation occurred above 850 C.
However, two troughs were present at temperatures lower than the powder oxidation:
the rst (A) at 655 C coinciding to the Al melting point and the second (B) com-
posed by two troughs occurring at 710 C and 769 C which did not match with any
know reactions for this alloy system.
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Figure 5.1: DSC trace of the overspray powder on heating to 1300 C. No usable data
was collected above 850 C due to excessive oxidation.
131
Chapter 5. Al93Fe3Cr2Ti2
5.1.2 Microstructure
The particle size covered a wide domain spanning from a few up to tens µms, the
average radius was about 10 µm as shown in gure 5.2. Their microstructure presented
interesting features and has to be considered as close to the starting microstructure
of the spraycast billet, although the overspray does not necessarily correspond to the
same size distribution as that which impacts the surface.
Figure 5.2: FEGSEM micrograph of the overspray powder.
The cross section of three particles with radius of 8 µm, 30 µm and 45 µm was an-
alyzed both with a FEGSEM and a dual-beam FIB-FEGSEM using ion and electron
microscopy. The 8 µm and 30 µm particles were sliced with the FIB (gure 5.3), while
the 45 µm one was cross-sectioned manually by polishing and analyzed by FEGSEM.
The 8 µm particle was composed of equiaxed Al grains with size of about 400-500 nm
(gure 5.4(b)) and rounded particles with size of hundreds nm (gure 5.4(a)). The
30 µm radius particle had a coarser structure, compared with the 8 µm particle. The
particles did not appear rounded anymore and some features typical of the spraycast
billet were recognizable, their size being on a µm-scale (gure 5.5(a)). The 45 µm
radius particles (gure 5.5(b)) presented a microstructure of an -Al matrix with a
high volume of intermetallics embedded resembling the one observed in the spraycast
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billet, suggesting that there was minimal remelting in the latter.
(a) 8 µm radius (b) 30 µm radius
Figure 5.3: FEGSEM images of the cross-sectioned particles with radius of
8 µm and 30 µm.
(a) electron image (b) ion image
Figure 5.4: FIB-FEGSEM images of the microstructure of the cross-sectioned particle
with radius of 8µm.
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(a) 30 µm radius (b) 45 µm radius
Figure 5.5: FEGSEM images of the microstructure of the cross-sectioned particles with
radius of 30 µm and 45 µm.
5.2 As-spraycast material
The chemical composition of the as-spraycast alloy was measured by inductively cou-
pled plasma-optical emission spectroscopy (ICP-OES) at London & Scandinavian
Metallurgical Co Ltd (UK) at the billet mid-height mid-radius and is reported in
table 5.1. The presence of Zr and Si has been attributed to the presence of impuri-
ties coming from the interaction of the high temperature liquid alloy (1500 C) with
refractories and the pouring nozzle.
Al (at%) Fe (at%) Cr (at%) Ti (at%) Zr (at%) Si (at%)
93.26 2.7 1.9 1.8 0.28 0.06
Table 5.1: Measured chemical composition of the as-spraycast billet at mid-height mid-
radius.
Figure 5.6 shows the billet base contained macropore defects due to initial in-
stability of the process, while the rest of the billet was free of macrodefects, con-
taining 2-3 area% porosity typical of spraycast materials and generally lower than
previously spray formed amorphous and nanostructured alloy compositions from the
literature [103,104,127].
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
Figure 5.6: A quarter cross-section of the spray formed Al93Fe3Cr2Ti2 billet.
5.2.1 MTDATA
A thermodynamic simulation, utilising the software MTDATA, was performed in
order to predict the phase composition of the Al93Fe3Cr2Ti2 alloy at the equilibrium.
The results are summarized in gure 5.7. At room temperature the software foresaw
the presence of four phases with the following weights%: 61wt% Al, 16 wt% Al13Cr2,
15wt% Al13Fe4 and 9wt% Al3Ti. According to the calculation the rst phase which
starts to solidify is Al3Ti at a temperature of 1030
C followed by Al11Cr2 at 845 C
and Al13Fe4 at 835
C. At 745 C all the metastable Al11Cr2 transforms into Al13Cr2
which is the stable phase at room temperature.
5.2.2 DSC
DSC experiments were run up to 1300 C with a heating rate of 10 Cmin 1 on two
samples of material taken from the surface of the billet and from a bulk region (mid-
radius, mid-height). The data are shown in gure 5.8 and gure 5.9. The surface
material presented two main troughs (labelled A and B in gure 5.8), the rst was
large and occurred at 656 C, which correspond to the Al melting. The second trough
was composed of two reactions which took place at about 788 C and 827 C, although
the beginning of the rst was not well delineated and started probably around 690 C.
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Figure 5.7: A quarter cross-section of the spray formed Al-2.7Fe-1.9Cr-1.8Ti billet.
The bulk material was very similar to the surface specimen presenting troughs at
almost the same temperatures (gure 5.9). The rst reaction was the Al melting at
657 C, followed by three others respectively at 784 C, 829 C and 836 C, the latter
not being present in the surface material data.
The troughs at 788 C and 784 C, respectively for the surface and the bulk samples,
did not match any known reaction concerning the studied alloy. The reaction at
827 C for the surface and 829 C and 836 C for the bulk specimen resemble the ones
occurred in the trace of the Al13Cr2 alloy shown in gure 4.17 at page 100 and are
hypothesised to be related to the formation of Al11Cr2.
5.2.3 Microstructure
The microstructure of the surface of the billet and from the mid-radius mid-height
were investigated using FEGSEM. The two regions were chosen as their thermal his-
tory was dissimilar, the surface was the part which experienced the highest cooling
rate amongst the entire billet, therefore was the one retaining the nest microstruc-
ture and features. The mid-radius mid-height zone was representative of the bulk
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Figure 5.8: DSC trace of a sample of the as-spraycast alloy taken from a surface region.
microstructure and experienced a relatively slower cooling rate, compared to the sur-
face, and subsequent homogenization occurred due to the remelting billet during the
process.
5.2.3.1 Surface
Contrary to the usual high microstructural homogeneity of spraycast conventional Al
alloy [98], the microstructure of the billet was inhomogeneous. The microstructure of
the surface is shown in gure 5.10. Overall it had a complex `swirl' appearance in
which unremelted droplets, presolidied during the gas atomizing step, were embed-
ded within waves of material with a dierent microstructure and width of a few tens
of microns. The fraction of intermetallic particles was large, approaching 50 area%
in some regions, and the particle size ranged from a few microns down to the nano
scale. Several distinct regions were recognised and labelled in gure 5.10: (D) near
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Figure 5.9: DSC trace of a sample of the as-spraycast alloy taken from a bulk region
(mid-radius, mid-height).
spherical unremelted droplets with radius size varying between about 7 µm and 30 µm
and containing micron and submicron features; (F) ne micron scale particles within
a swirl, probably originating from large droplets (larger than 100µm) that then de-
formed into retained `splats' as wide as a few tens of µm, (UF) ultrane regions with a
width of microns containing nano scale particles and (E) micron and (NG) submicron
equiaxed Al grains with and without intragranular segregation.
Figure 5.11 shows in detail an ultrane area in which sequences of splats, composed
of micron and nano scale grains and intermetallics, are visible. In this region the
biggest particles measured 1:5 µm with most being much smaller than 1 µm. Some
of the particles were found to be at the centre of the equiaxed Al grains, suggesting
they may have acted as nucleants for the formation of the grains. Figure 5.11(b-c)
shows the boundaries between the dierent regions were sudden and sharp, denoting
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(a) S: swirl waved microstructure; D: unremelted droplet; P: pores;
F: region with a ne microstructure (micron scale); UF: ultra-
ne microstructure areas (submicron and nano scale features). A:
zoomed area showed in the next image.
(b) E: equiaxed grain; NG: nano grains
Figure 5.10: FEGSEM backscattered electron images of the microstructure of the as-
spraycast material (surface). The main features are labelled.
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limited homogenization due to remelting and solid state diusion after deposition.
(a) ultra-ne microstructure region. A: zoomed area shown in image (b).
(b) micron and nano scale particles and
equiaxed grains with intragranular segregation.
(c) micro scale equiaxed grains with intragran-
ular segregation and nano-scale intermetallics at
their centre.
Figure 5.11: FEGSEM backscattered electron images of an ultrane region showing mi-
cron and nano-scaled particles and grains.
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5.2.3.2 Bulk
The microstructure of the bulk is presented in gure 5.12. Despite the lower cooling
rate and the longer homogenizing step, compared to the surface, it maintained similar
characteristic features. Swirls, droplets, ne and ultrane regions and Al grains were
present, with the exception of the equiaxed Al nano grains containing intragranular
segregation. The distribution of the nano particles was more regular and the Al grains
were on the micron scale.
5.2.4 Selected region analysis
Due to its complexity and the presence of a large amount of nano-sized features, the
microstructure of the surface region was further investigated using both transmission
electron microscopy and synchrotron based techniques. Slices of material from se-
lected regions were isolated using a FIB using a TEM sample preparation technique
and EXAFS and µm-XRD experiments were carried out using the micro-focused x-
ray beam of the I18 beamline at Diamond Light Source. The same specimens were
then thinned to electron transparency and investigated with TEM, combined with
EDS and SAD. Overall six samples, taken from the dierent zones described in sec-
tion 5.2.3, were prepared. The ares included: a ne equiaxed region, an unremelted
droplet and the ultrane and nano-granular zones. Some of the areas from which the
samples were extracted are shown in gure 5.13.
5.2.4.1 TEM analysis
The microstructure of an unremelted droplet with a radius of approximately 10µm is
shown in gures 5.14 and 5.15. Intermetallic particles of diverse morphologies, with
size varying from 10 nm to 20 nm (gure 5.15(a)) up to 600 nm, were dispersed
within the -Al grains. In gure 5.14(a-c) four Al-Ti-Cr-Zr particles of dierent
shape are shown. EDS indicated their composition was of the type (Al,M)80Ti20, the
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(a) (b)
(c) (d)
Figure 5.12: FEGSEM backscattered electron image of the microstructure of the as-
spraycast material from a bulk region located mid-height mid-radius. (a) and (b) shown
unremelted droplet, swirls and equiaxed regions, (c) equiaxed grains and nano-scale inter-
metallics particles, (d) inhomogeneous and ne dispersion of nano-scale second phases. The
main features are labelled, P: pores; S: swirl microstructure; D: droplet; UF: nano-scaled
region; E: equiaxed grains region.
buttery shaped (gure 5.14(a)) labelled `A' was richer in Ti and Zr and had a lower
Cr content compared to the others. The introduction of Cr and Zr within the Al3Ti
has two opposite eects on the structure: Cr enhances the formation of the cubic L12
instead of the D022, whereas the partial substitution the Ti with Zr atoms stabilises
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(a) (b)
(c) (d)
Figure 5.13: FEGSEM electron image of a sample from the surface of the as-spraycast
material taken during the preparation of TEM/synchrotron samples using a dual beam
FIB-FEGSEM machine. (a) equiaxed grains region, (b) unremelted droplet, (c) ultra ne
and equiaxed nano-grains region and (d) a 100 nm thick nished sample from one of the
ultra ne region, two big intermetallics and the nano-scale grains are visible.
the D023 tetragonal structure (see sections 2.4.2.1 and 2.4.2.1 on page 26 in the lit-
erature review chapter). Particle A had a low content of Cr and about the 8 at% of
Zr with a Zr/Ti ratio of 0.34, which is more than the 0.25 necessary to stabilized the
D023 structure
[50]. Particle E, G and F had an Al and Cr content typical of the L12
structure, but a Ti level lower than 25-28 at% which is the level reported in the lit-
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erature [58{60,75]. Figure 5.15(a) shows very ne particles of Al-Fe-Cr-Ti and Al-Zr-Ti
with size of approximately 25 nm and 50 nm respectively. EDS (using a 5 nm probe)
showed the Al-Zr-Ti particle (S2) had a content of Zr 2.5 that of Ti, however the
composition was quite far from the Al3Zr stoichiometry. The chemical composition
of particle S3 resembled the one from the literature for the icosahedral phase [24,30,32],
although the measured Cr content was 2.45 at% instead than the reported 6-8 at%.
The sample was too thick for high resolution imaging and therefore the presence of
the 2-fold and 5-fold of the icosahedral phase was not veried. Figure 5.15(b) shows
some Al grains of 50 nm size.
The microstructure of an ultrane region with -Al grains of size ranging from 500
nm to 1 µm and not showing intragranular segregation is presented in gure 5.16(a).
The intermetallic particles were approximately the same size as the Al grains and
dispersed amongst them. Figure 5.16(b-c) shows some of the 300 nm intermetallics.
Figure 5.17 displays an ultrane region containing (a-e) micron-sized Al grains
with intragranular segregation, (a-b) big elongated particles with size greater than
1 µm and (d-e) very ne spherical features with sizes of tens of nm.
The Al grains appeared equiaxed with sizes generally ranging from 200 nm to 1 µm
and a ne-scale dendritic-type internal structure (gure 5.18(a)). The Al matrix
accommodated a small amount of Ti, Cr and Fe in solid solution, with values gener-
ally lower than the EDS resolution, while the intragranular segregation areas where
richer in Fe and Cr, as shown in gure 5.20. The analysis of a large portion of an
Al grain, shown in gure 5.19(a), conrmed the Al grains contained Fe and Cr in
solid solution. A similar microstructure was observed by Gargarella et al. [38] in an
laser remelted Al91Fe4Cr3Ti2 alloy produced by spraycasting. The authors reported
that a series of intermetallics, including Al3(Ti, Cr) Al13(Fe, Cr)4 and quasicrystalline
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Particle Al (at%) Ti (at%) Cr (at%) Fe (at%) Zr (at%)
Buttery (A)(1) 67:35 1:05 23:03 1:01 1:62 0:18 7:99 0:29
Triangular (E) 65:34 19:37 9:47 5:81
Circular (F) 65:79 19:38 10:48 4:35
Lamella (G) 64:72 21:86 8:65 4:77
Figure 5.14 and Table 5.2: TEM images of a sample taken from an unremelted droplet
within a surface region. The EDS results are reported in the table. (1) average of three
point
particles were embedded in a matrix of -Al+Al3Fe. Furthermore they found that
the intragranular regions were rich in Fe.
The particles were of dierent types: Al-Ti-Zr-Cr either with a high and low Cr
content and two chemically dierent Al-Fe-Cr-Ti. The Al-Ti phases were of the
form Al64:5Ti21Cr8Zr5:5 and Al68Ti22:5Zr8:5Cr and generally bigger than the other in-
termetallics with size included in the range 0:5 µm and 1 µm and the characteristic
`buttery' morphology. Some particles appeared at the centre of the Al grains (gure
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(a) (b)
Particle Al (at%) Ti (at%) Cr (at%) Fe (at%) Zr (at%)
S2 87:33 3:60 - - 9:08
S3 87:07 3:49 2:45 6:91 0:08
Figure 5.15 and Table 5.3: TEM images of a sample taken from a un-remelted droplet
within the microstructure of a surface region of the billet showing (a) Al-Ti-Zr and Al-Fe-
Cr-Ti particles of 20-50 nm size (2 nm atom planes of the Al-Fe-Cr-Ti particles are shown
in the box). (b) Al grains area and diraction pattern from a  50 nm Al grain. EDS
results are reported in the table.
5.18(c-d) and 5.19(a-b)), suggesting that perhaps they acted as heterogeneous nuclei
for the formation of the -Al grains.
The Al-Fe-Cr-Ti type particles had two forms, the rst with stoichiometry Al85:9Fe6:2Cr5:2Ti2:7
had a chemical composition matching very closely the one of the icosahedral Al84:2-
Fe7-Cr6:3-Ti2:5 phase reported by Inoue
[24], Kim [32], Gargarella [38] and Sahoo [43] with
a spheroidal shape and size of 100 nm (gure 5.20). The second had a lower Al and
Ti content and more Cr and Fe, their size were 200 nm and the chemical composition
was very close to the icosahedral one reported by Yamasaki et al. [30]. The particles
are shown in gure 5.21, and (c) depicts the SAD pattern taken from particle F corre-
sponding to the 2-fold axis k EB and compared with (d) the one reported by Inoue et
al. for an icosahedral phase [22]. This may be the rst reported experimental evidence
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(a) (b)
(c)
Figure 5.16: TEM images of the microstructure of an ultrane region with -Al grains of
size ranging from 500 nm to 1 µm and not showing intragranular segregation.
of a quasicrystalline phase in a fully bulk alloy.
5.2.4.2 EXAFS
EXAFS spectra of the FIBed specimens were recorded in transmission and uores-
cence around the Ti, Cr and Fe K edges (4966 eV, 5989 eV and 7119 eV respectively)
from approximately 150 eV before the edges to 600 eV above the edges. The back-
ground was subtracted using the AUTOBANK algorithm implemented in the software
ATHENA and the data compared with the intermetallic standards. The FT magni-
tude data of the FIBed samples along with their reference intermetallic standards for
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Figure 5.17: TEM images of a sample taken from an ultrane region containing -Al
grains with intragranular segregation, large elongated intermetallic and nano-scaled particles
within the grains.
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(a) (b)
(c) (d)
Figure 5.18: TEM images of a sample taken from an ultrane region showing (a) the ne-
scale dendrite-type internal structure of the grains and (b-d) some particles at the centre
of the grains.
each edge are shown in gure 5.22, 5.23 and 5.24.
Despite some dissimilarities, the Ti edge EXAFS signals extracted from the FIBed
samples resembled the Al3Ti standard, suggesting the Al-Ti particles in those speci-
mens had a similar structure.
The peaks occurring in the standard at 2:3A, 3A, 3:5A 4A and 5A were
visible in the FIBed samples dataset, although their position and relative intensities
did not coincide. The rst shell peaks was at 2:3A in all the samples, even though
some of the data had some extra peaks between 1A and 1:5A due to the presence
of a high noise in the signal. A second small peak at 3A was detectable in the
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Particle Al (at%) Ti (at%) Cr (at%) Fe (at%) Zr (at%)
Particle C 67:74 22:19 0:68 9:39
Zone D 91:91 1:02 2:68 4:38
Particle H(1) 64:76 0:62 21:63 0:44 7:85 0:79 0:77 0:10 5:49 0:69
Figure 5.19 and Table 5.4: TEM images of a sample taken from an ultrane region
showing -Al grains and Al-Ti-Zr particles. EDS results are reported. (1) average of six
point and standard deviation.
standard, FIB1, FIB2, FIB4 and FIB6, while it was split into two peaks in the FIB3.
The peaks occurring in the standard at 3:5A and 4A were shifted to higher values
in sample FIB1, FIB2, FIB3 and FIB4, but not in sample FIB6. Finally the peak
at 5A was almost absent, or very low, in all the FIBed specimens compared to the
Al3Ti.
Although the previous comparative analysis did not allow to extract precise infor-
mation regarding the crystal structure of the Ti rich phases in the FIBed samples,
the dierences in peak positions and intensities indicated the presence of alloying
elements within the Al3Ti particles as the peak shift and intensity are connected with
the nature of the scattering element in the neighbourhood of the Ti atoms. This
hypothesis was in agreement with the TEM analyses, which showed the presence of
Cr and Zr in the Al3Ti particles.
The comparative interpretation of the Cr and Fe edges was more dicult. First of
all EDS showed how Fe and Cr were almost always present together with an approx-
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(a) (b)
(c) (d)
Particle Al (at%) Ti (at%) Cr (at%) Fe (at%)
S1 87:57 2:15 4:85 5:43
S2 98:39 0:45 0:56 0:59
S3 90:32 0:87 2:47 6:43
S4 95:49 1:63 1:22 1:66
S5 84:14 3:26 5:62 6:98
Figure 5.20 and Table 5.5: TEM images of nano-scaled particles and dendrites within
a ultrane region. The EDS results are reported.
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(a) (b)
(c)
Particle Al (at%) Ti (at%) Cr (at%) Fe (at%)
Particle F 72:89 1:19 12:92 13:00
Particle G 74:24 1:08 12:26 12:43
Particle J 71 1:51 13:56 13:93
Figure 5.21 and Table 5.6: (a-b) TEM images of intermetallic particles 200 nm in size
within an ultrane region. (c) SAD from particle F of the 2-fold reection of the Al-Fe-Cr-
Ti icosahedral phase. Some spots are indexed according to Bancel et al. [128]: a=(100000),
(321002), b=(111010) c=(110000) d=(101000) e=(110001), (321112) f=(111100). The EDS
results are reported in the table.
imately equal amount within the particles containing these elements, suggesting the
existence of an extended solid solubility or a ternary phase more than the presence
of distinct Al-Cr and Al-Fe phases, whether it was a monoclinic Fe or Cr-type or an
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icosahedral phase is not clear. Secondly, due to the high complexity of the structures
and the large number of atoms within the rst shell [76,91], the reliable information
which is possible to extract form the data concern only the rst shell. Thirdly, the
x-ray absorption behaviour of Fe and Cr is similar, making impossible to distinguish
their contribution in an EXAFS signal. However, the comparison of the data up
to 3A at the Cr edge highlights how the rst shell peak occurring at 2A in the
standard, was instead divided into two distinct peaks in the FIBed samples. This
may indicate that the rst shell atom distribution is dierent to the standard, but
no further assumption can be done without a full tting analysis. Even so there may
be not enough data point to resolve the exact position of each atom for each Cr with
a single dataset. A possible solution could be the use of Diraction Anomalous Fine
Structure (DAFS), which is a technique that combines XRD and EXAFS and allow
selectively excite single atomic position provided they sited into dierent crystal re-
ections.
Regarding the Fe edge nothing precise can be concluded without a full tting of the
data because the experiment on the standard was not successful.
5.2.4.3 -XRD
-XRD experiments were performed using a5 µm1 µm beam on ve FIBed samples
and a pure Al foil used as a reference calibration for the peak positions. In gure
5.25 the diraction patterns are displayed, while gure 5.26 summarised the results
obtained from the conversion of the signal in the images into a 2 pattern. The
conversion of the 2D data into 1D patterns was performed using the Nika 1.20 macro
written for the software Igor Pro.
The patterns were calibrated to the Al reections of the Al foil and the peaks labelled
with the main reections of the phases: Al, tetragonal Al3Ti, and monoclinic Al13Cr2
and Al13Fe4. Overall the patterns were dierent depicting the dierent microstructure
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Figure 5.22: EXAFS FT magnitude data of the Al3Ti standard sample and the FIBed
samples.
1 2 3 4 5 6
0
1
2
3
4
5
|
(R
)| 
(Å
-3
)
R (Å)
Al13Cr2 standard
1 2 3 4 5 6
-1
0
1
2
3
4
5
6
7
8
9
FIB 2FIB 1
|
(R
)| 
(Å
-3
)
R (Å)
1 2 3 4 5 6
0
1
2
3
4
|
(R
)| 
(Å
-3
)
R (Å)
1 2 3 4 5 6
0
2
4
6
8
10
FIB 3
|
(R
)| 
(Å
-3
)
R (Å)
1 2 3 4 5 6
0
1
2
3
4
FIB 4
|
(R
)| 
(Å
-3
)
R (Å)
1 2 3 4 5 6
0
1
2
3
4
FIB 6
|
(R
)| 
(Å
-3
)
R (Å)
Figure 5.23: EXAFS FT magnitude data of the Al13Cr2 standard sample and the FIBed
samples.
of the FIBed samples. FIB1, FIB2 and FIB3 had peaks corresponding to: Al, Al3Ti,
Al13Cr2 and Al13Fe4, although the signal for Al13Fe4 from FIB2 was very small. FIB4
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Figure 5.24: EXAFS FT magnitude data of the Al13Fe4 standard sample and the FIBed
samples.
and FIB6 showed reections only corresponding to Al, Al13Cr2 and Al13Fe4. The
presence of reection of the cubic (Al,Cr)3Ti were investigated, but they were not
present strengthening the hypothesis, advanced in the TEM section, that the Al-Ti
phases were all tetragonal.
5.2.5 Synchrotron x-ray diraction
Despite the extremely high 2 resolution of the I11 beamline at the Diamond Light
Source, the high density of broadened, overlapping peaks in the XRD traces of the
as-spraycast microstructure precluded the use of standard ICDD cards for phase iden-
tication. Therefore Rietveld renement was carried out on samples from a surface
area and a bulk region to identify the phases present, quantify the weight per cent
of each phase and quantify size and strain eect in the Al matrix. The software
Topas academic, using the Chubychev background function with 9 parameters and
the modied Thompson-Cox-Hasting pseudo-Voight prole function, was employed.
Figure 5.27 shows the observed, calculated and proles from Rietveld renement
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Figure 5.25: -XRD pattern for the 5 FIBed samples and a reference Al foil. The dirac-
tion rings are visible. A: Al, T: Ti, C: Cr and F: Fe
of data of samples from (a) centre of the billet and (b) surface region assuming -
Al, Al3Ti, Al13Fe4, and Al13Cr2. The Rwp value was 4.3%, for the centre, while the
t of the surface sample was 13.4%, possible due to the more rapid cooling. The
weight fractions were calculated using the MVW macro and gave values for -Al,
Al3Ti, Al13Fe4, and Al13Cr2 of 0.59, 0.11, 0.18 and 0.10 and 0.58, 0.06, 0.26 and
0.10 for the surface and bulk respectively. No (Brindley) microabsoption correction
was applied. These matched closely the MTDATA calculation results assuming an
equilibrium microstructure reported in section 5.2.1 at page 135. This was consis-
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Figure 5.26: 2 diraction patterns for the 5 FIBed samples and a reference Al foil, used
for 2 calibration, obtained by converting the images shown in gure 5.25. The main phases
are labelled.
tent with solidication conditions which approached equilibrium in contrast to rapid
solidication routes.
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Figure 5.27: Synchrotron x-ray patterns from (a) the billet centre and (b) a surface region
indicating a good t assuming -Al, Al3Ti, Al13Fe4, and Al13Cr2.
Size and strain in the -Al were determined using NIST SRM 660a LaB6 to obtain
an instrumental peak shape function. The peak shape was xed and size and strain
parameters rened using the LVol FWHM CS G L and e0 from Strain macros. At
the surface the -Al diracting crystallite size was 210 nm, corresponding to a grain
diameter of 300 nm assuming a monodisperse distribution [129], consistent with SEM
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and TEM results. The strain was 0.13 due to dierential thermal contraction between
the -Al and intermetallic particles. At the centre the size was not measurable, i.e.
it was greater than 3 µm which is measurable using I11 and the strain was lower
at 0.06 as expected due to slower cooling at the billet centre. Whilst interpretation
of broadening is dicult as size and strain eects are not mutually exclusive, e.g.
dislocations produce strain and also recover into subgrain boundaries between do-
mains, the values of size matched SEM imaging and the trends in the strain were as
expected.
Phenol extraction method was used to dissolved the aluminium matrix of a sample
from the centre area to obtain a powder containing mainly intermetallic phases with
the purpose of eliminating the Al peaks from the diraction patterns and improve the
signal to noise for the intermetallics. However, the collected data from the extracted
powder did not present any improvement in the resolution of the peaks compared to
the data of the centre bulk sample (gure 5.28).
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Figure 5.28: Synchrotron XRD trace from the centre of the as-spraycast billet and mul-
tiphase Pawley full pattern tting indicating excellent agreement for the presence of -Al,
Al3Ti (D022), Al13Cr2, and Al13Fe4.
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5.3 HIPed material
Hot isostatic pressing at 450 C, 100 MPa for 4 hours was performed on a sample of
the billet at Oxford University. SEM, presented in gure 5.29 (c.f. with image of the
as-spraycast material in gure 5.10 on page 139), showed how the consolidation was
incomplete, due probably to the presence of a large amount of nondeforming, hard in-
termetallic particles that prohibited diusion bonding of the -Al matrix. The `swirl'
structure containing a high fraction (40 area%) of intermetallic particles as well as
the zones with micron and sub-micron features were preserved, but the nano-granular
areas were not retained. Moreover, 1 µm and 20 µm Al-rich zones and 1 µm and 10 µm
Ti-rich intermetallic particles, which were not present in the as-spraycast material,
were found within the HIPed sample (gures 5.29(b-d)). An hypothesis is that be-
cause of the inherent ne scale inhomogeneity of the spraycast microstructure, the
strain associated with HIP was concentrated in some regions of the microstructure.
Strain concentrations may reduce the local thermodynamic stability of secondary
phases and increase local diusion rates by increasing defect density.
5.4 Heat treatment
The exposure of the material to a temperature of 600 C for 168 hours caused the
coarsening and homogenization of the microstructure, which is presented in gure
5.30. The ne microstructure and the high volume of particles were retained and their
distribution was homogenous (i.e. there was no evidence of the swirls). The majority
of the particles were in the range of a few microns, but large Ti-rich intermetallic
particles with a hexagonal morphology were observed (gure 5.30(a)). Their chemical
composition, measured with EDS, was Ti70-Al28 (at%) with traces of Cr and Fe.
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(a) (b)
(c) (d)
Figure 5.29: FEGSEM backscattered electron image of the microstructure of the HIPed
material. (a) and (b) the characteristic features of the as-spraycast microstructure were
preserved despite the heat treatment, some Al rich areas and Ti rich particles appeared and
shown in (c) and (d). The main features are labelled, P: pores; S: swirl microstructure; D:
droplet; UF: nano-scale region; F: region with a ne microstructure (µm scale); Al: Al rich
region; Ti: Ti rich particle.
5.5 Mechanical properties
In this section the results of Vickers test performed at Loughborough University and
of the tensile and compressive test carried out at Oxford University are reported
analysed and compared with the literature.
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(a) (b)
Zone Al (at%) Ti (at%) Cr (at%) Fe (at%)
Hexagon (A) 28:6 4:5 70:3 3:5 0:7 0:5 0:5 0:1
Particle (B) 87:2 3:2 1:0 0:2 2:1 1:6 9:7 1:4
91:2 1:4 2:2 0:8 4:1 1:3 2:6 0:6
Figure 5.30 and Table 5.7: FEGSEM backscattered and secondary electron images of
the alloy Al93Fe3Cr2Ti2 heat treated for 1 week at 600
C and EDS results (average values of
at least three points). (a) a big hexagonal intermetallic particles is shown and (b) dispersed
particles within the Al matrix.
5.5.1 Tensile and compressive strength
The tensile and compressive yield strengths (YS), ultimate tensile strength (UTS)
and elongation to fracture of the Al93Fe3Cr2Ti2 alloys produced by spraycast are
summarised gure 5.31 and table 5.8 and compared with the literature data of the
same alloy produced by powder metallurgy/extrusion.
The room temperature tensile and compressive yield strength of the spraycast/HIPed/-
forged material (SC/HIP/F) were respectively 469MPa and 465MPa, identical to the
value of the as-spraycast and higher than the spraycast and HIPed and HIPed and
extruded samples, which were 418MPa and 371MPa. The lower value of the HIPed
material was expected and caused by the coarsening due to the heat treatment. Ex-
trusion usually leads to additional texture strengthening in the extrusion direction,
but in this case, the temperature at which the sample was extruded was too high to
maintain microstructural stability (a temperature of 475 C was required so that the
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extrusion force was within the range of the extrusion machine).
The yield strength at elevated temperature for the as spraycast and the HIPed and
forged materials decreased almost linearly with temperature and their values were
very close each other, while the decrease of the strength in the HIPed and extruded
was tted well to a parabolic relationship (see gure 5.31(a)). Despite the latter had
a lower strength at room temperature, at hight temperature the value was similar
to the forged and the as spraycast. Tension/compression asymmetry, reported by
Luo et al. [37] in mechanically alloyed and extruded material, was not observed in the
SC/HIP/F material. The ultimate tensile strength decreased linearly both for the
HIPed and forged and HIPed and extruded (see gure 5.31(b)). As for the yield
strength, the value of the extruded material was lower at room temperature while
similar at elevated temperature. The tensile strength was similar to alloys of the
same composition produced as 8 mm diameter rods using gas atomization and ex-
trusion [21] and 6 mm diameter rods using mechanical alloying and extrusion [37]. The
PA/E materials oered superior strength only when the nest powder diameters were
selected. Moreover, the alloy was 100 MPa stronger at all temperatures than a
typical high temperature aluminum alloy such as age hardened AA2219 [130].
The development of the elongation as function of the temperature is shown in gure
5.31(c). An initial reduction from 3.84% at room temperature to 1.92% at 100C was
followed by a rise to 40% at 400C. Reduced elongation with increased temperature
up to 300C was observed by Inoue and Kimura [21] in gas atomized material, but no
explanation was oered. Luo et al. [37] observed very low levels of tensile elongation up
to 400C in nanostructured mechanically alloyed material, with fracture at or close to
the limit of proportionality due to stress concentrations at the interfaces between the
-Al and intermetallic particles. Decomposition of the -Al solid solution at 100C
in the spraycast alloy may result in precipitation which cause internal stress concen-
trations and the observed reduction in elongation. Precipitate coarsening/dissolution
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and enhanced dislocation motion or recovery processes at higher temperatures would
then restore the elongation to failure. However this result may have been due to
retained porosity.
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Figure 5.31: (a) compressive and tensile yield strength and (b) ultimate tensile strength
as a function of temperature of the Al93Fe3Cr2Ti2 alloys produced by spraycasting, powder
metallurgy/extrusion and mechanical alloying followed by extrusion and comparative tensile
strength of the Al alloy AA2219. SC: spraycast, HIP: hot isostatic pressed, F: forged, E:
extruded, PA: powder metallurgy, MA: mechanical alloying. Inoue et al. [21], Todd et al. [28],
Yamasaki et al. [30]. AA2219 data from [130].
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Table 5.8: Tensile properties up to 500 C of Al93Fe3Cr2Ti2 alloys produced by spraycast
and powder atomisation/extrusion, in various conditions. For more details about the liter-
ature data see table 2.15 at page 47. SC: spraycast, HIP: hot isostatic pressed, F: forged,
E: extruded, PA: powder metallurgy, MA: mechanical alloying.
Process condition T (C) YS (MPa) UTS (MPa) " (%)
SC 25 465
100 375
200 295
300 220
400 120
500 41
SC/HIP 25 418 548 2:6
SC/HIP/F 25 469 545 3:84
100 427 459 1:92
200 296 336 10:29
400 95 123 40:23
SC/HIP/F (C) 25 465
100 375
200 295
300 220
400 120
SC/HIP/E 25 371 463 6:8
100 342 406 12:3
200 306 336 12:8
300 225 244 16:5
400 115 132 20
AA2219 [130] 25 371 463 6:8
100 342 406 12:3
200 306 336 12:8
300 225 244 16:5
PA/E (<26 µm) Inoue [21] 25 530 650 4:4
200 410 510 2:5
300 330 360 1:5
PA/E (<125 µm) Inoue [21] 25 460 540 7:3
200 350 400 6:5
300 270 290 6:5
PA/E (25-50 µm) Todd [28] 25 511 596 5:6
PA/E (50-100 µm) Todd [28] 25 378 473 7:5
PA/E (<38 µm) Yamasaki [30] 25 490 463 5:5
200 280
MA/E Luo [37] 25 440
100 370
200 270
300 190
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5.5.2 Vickers hardness
Vickers hardness data for the alloy at a dierent location in the billet and at a range
of conditions are summarised in gure 5.32. The data shows that the surface of the
as-spraycast billet had an hardness of 202 HV, which resulted 1.3 the the bulk
value. The HIPed material hardness was 155 HV resembling the one of the bulk in
the as-spraycast condition. The values of the samples annealed at 600 C and 645 C
for 1 hour sharply decreased to 72 and 97 HV respectively, but the hardness of the
specimens heat treated for 4 hours increased when the annealing temperature was
600 C and diminished when it was 645 C. Comparing the data of the specimens
annealed for 4 hours with the hardness of the HIP material, which was treated at
450 C, 100 MPa for 4 hours, shows how the increase heat treatment temperature and
the absence of an additional pressure played an signicant role being the hardness
of the HIPed materials at least 1.5 the one of the heat treated samples at higher
temperature. In the case of longer heat treatment, at 600C the value increased to
94 HV, after 8 hours decreased to 68 HV and remained steady until 1 day and nally
increased to 87 HV after one week. The behavior of the material annealed at 645C
was dierent. The values rose to 89 HV after 8 hours, decreased to 84.2 HV after 1
day and nally decreased to 53 after one week.
5.5.3 Strengthening mechanism
The presence of an high volume fraction of hard intermetallics dispersed within a
soft -Al matrix makes this alloy similar to a metal-matrix-composite. Therefore,
its mechanical behaviour might be described by some simple strengthening models
developed for composites. Three mechanical models were taken into account and the
results compared with the experimental data obtained from the tensile and hardness
test.
The mechanisms which were considered include:
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Figure 5.32: Vickers hardness data of the alloy Al93Fe3Cr2Ti2.
1. Rule of Mixture;
2. Hall-Petch strengthening;
3. Orowan strenthening.
Rule of mixture
The rule of mixture is a simple relation which is used to estimate the mechanical prop-
erties of composite materials starting from the properties of the single components:
the property of the composite is equal to the weighted sum of the same property of
each component. This relation was employed to estimate the Vickers hardness of the
Al-Fe-Cr-Ti alloy using the mechanical properties of the three main intermetallics
measured by nanoindentation and their weight fraction calculated with XRD from
a bulk region. Considering the values reported in table 5.9 for the intermetallics,
a value of 342 HV was obtained for the Al-Fe-Cr-Ti alloy, which is more than the
double of the measured value of 158. The rule of mixture overestimate the hardness
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of the alloy and it is not a good model for this class of materials.
Phase Phase wt% Hardness HV
Al3Ti 6 520
Al13Cr2 26 613
Al13Fe4 10 748
-Al 58 132
Table 5.9: Equivalent Vickers hardness values for the intermetallic standards calculated
from the nanoindentation results. The wt% of each phase in the Al-Fe-Cr-Ti alloy calculated
from a bulk region using XRD is reported.
Hall-Petch relationship
The Hall-Petch relationship relate the hardening increment with the grain size. Con-
sidering the presence of a high volume fraction of particles which form a network
in the matrix, an area surrounded by some particles can be assumed to possess the
same deformation characteristics as that a simple grain in an alloy with only grain
boundaries. In other words this area can be considered as a grain and the particles
themselves present as grain boundaries thus forming a constrained deformation eld
similar to a real grain. The relation can be written in the form:
y = 0 +
kyp
d
(5.1)
where y is the yield strength, 0 is the intrinsic yield strength and ky is a constant
of the material and d is the average grain diameter or the mean surface-to-surface
distance. Figure 5.33 shows the yield strength estimated with the Hall-Petch relation
as a function of the grain size or equivalent grain size using a value of 15.7 MPa for
0 and 3.65 MPa/mm
 0:5 for ky [131].
In the as spraycast material the average grain size on the surface was about 300
nm which correspond to a yield strength of 226 MPa, according to the Hall-Petch
model. The hardness value of the surface of the billet was 202 HV, which correspond
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Figure 5.33: Hall-Petch yield strength calculation for the Al-Fe-Cr-Ti alloy.
to a yield strength of about 606 MPa. The calculated value from the Hall-Petch
relation is 2.5 lower than the measured value. In order to obtain a yield strength
comparable with the measured value the model predict that the grain size should
be about 40 nm. The results show how this model is not capable of describing the
mechanical behaviour of this material.
Orowan relationship
The Orowan model consider the presence of non shearable particles which obstacle
the movement of dislocations and it was originally developed for alloy system with a
low volume fraction of particles a more general relation was given by Martin [132] and
can the yield strength can be estimated with the following equation:
y =M
0:81b
2(1  )1=2
ln(2rs=r0)
s
(5.2)
where M is the Taylor factor,  is the shear modulus of the material, b is the
burger's vector,  is the Poisson's ratio, r0 is the core internal dislocation radius, s is
the average distance between the particles and rs is the mean radius of the particles.
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Figure 5.34(a) shows the yield strength calculated with the model as a function of
ln(2rs=r0)=s. The value of ln(2rs=r0)=s for a yield strength of 606 MPa is 0.21
nm 1, which correspond to a value of rs and s of 120 nm and 250 nm respectively
(see gure 5.34(b)). The estimated size is in reasonable agreement with the electron
microscopy results, however the value of the distance was underestimated.
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Figure 5.34: (a) Martin relation between 0:2 and ln(2rs=r0)=s for the Al-Fe-Cr-Ti alloy
and (b) estimation of s and rs using experimental data to verify the applicability of the
model to the present material. Values used for the calculation: M=2.5, =25.4 GPa,
b=0.28572 nm, =0.345, r0=1.1 nm.
5.6 Summary of the investigation of the spraycast
Al93Fe3Cr2Ti2 billet
The microstructural investigations of the overspray powder revealed that a lot of
the characteristic features of the microstructure of billet were already present in the
particles before deposition, suggesting there was minimal remelting in the spraycast
billet.
Overall the spraycast billet was sound, containing 2-3 area% porosity, typical of
materials produced with the same process, and some macroporosity at the base due
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to the initial instability of the process. Chemical analysis revealed the composition
was close to the stoichiometric Al93Fe3Cr2Ti2, however the presence of Zr and Si
impurity, probably deriving from the interaction of the high temperature melt with
refractories, was detected.
The microstructure of the as-spraycast material was very complex and inhomoge-
neous, contrary to the usual high homogeneity of conventional spraycast Al alloys,
characterized by a `swirl' appearance in which unremelted droplets were embedded
within waves of material with a dierent microstructure and width of a few tens of
microns. The amount of intermetallic particles was generally very large approaching
the 50 area% in some regions.
The microstructure of the surface of the billet, which is the part that experienced
the highest cooling rate, contained regions with nano-scale particles and -Al grains
with a dendritic-type internal structure which were not present in the central region
of the billet. The dierences observed using electron microscopy were conrmed both
by the DSC results and the XRD synchrotron analysis.
The DSC traces of the bulk material showed an extra trough at 836 C compared
to the data of the surface sample. That temperature along with the other trough
occurring at 829 C resembled the reactions recorded from the sample of the Al13Cr2
intermetallic, however these temperatures did not correspond to any know reaction
concerning the studied alloy.
The synchrotron x-ray diraction data collected on samples taken from the surface
and the centre of the billet were tted using four phases: -Al, Al3Ti, Al13Cr2 and
Al13Fe4. In both cases a good t was obtained suggesting the materials was mainly
made of the four aforementioned phases, however the quality of the t of the bulk data
was better than the one of the surface sample. This was probably due to the pres-
ence in the surface of metastable phases and in general of a larger deviance from the
equilibrium conditions due to the higher rapid cooling. The weight fraction analysis
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showed that surface and centre contained the same weight fraction of intermetallics,
and the value matched closely the MTDATA calculation. The size and strain analysis
showed the strain value of the -Al in the surface was the double the value of the
bulk, consistently with the solidication condition experienced by the two regions.
The grain size of the surface was 300 nm accordingly with SEM imaging and TEM,
while at the centre it was not measurable, possibly because too large to be measured
using I11. The comparison between data from the sample from the centre of the
billet and powder obtained with the phenol extraction method from the same region,
showed that the removal of the Al did not improve the quality of the XRD data.
The microstructure of the surface region was further investigated using TEM, EX-
AFS and -XRD. TEM conrmed the presence of nano -Al grains with intragranular
segregation, the grain size was in the range of a few hundred nm, consistently with
the synchrotron XRD size and strain analysis. The segregation areas within the Al
grains were rich in Fe accordingly to a similar study done by Gargarella et al. [38]. The
intermetallics had a size ranging from a few tens of nm to 1 µm. EDS showed there
were mutual solid solubility between the dierent intermetallics, however the follow-
ing composition were recognized: Al-Ti-Zr, Al-Ti-Cr-Zr, Al-Fe-Cr and Al-Fe-Cr-Ti.
The Al-Fe-Cr and Al-Fe-Cr-Ti intermetallics had a chemical composition resembling
closely the one from the literature for the icosahedral phase [24], demonstrating the
feasibility of retaining quasicrystals in a fully bulk alloy. SEM of the HIPed material
showed the main feature of the as-spraycast microstructure were retained and the
consolidation was incomplete. Furthermore large Al-rich areas and Ti-rich particles
formed within the microstructure. The exposure of the material to a temperature of
600 C for 168 hours caused the coarsening and homogenization of the microstructure,
but the weight fraction of the intermetallics remained very large.
The tensile and compressive strength of the alloy in the dierent conditions was
consistent with the literature data of the same composition produced using gas atom-
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ization and extrusion both at room and high temperature. The alloy was 100 MPa
stronger at all temperatures than a typical high temperature aluminium alloy such
as age hardened AA2219. Tension/compression asymmetry was not observed. The
surface material exhibited a Vickers hardness value 1.3 higher than the one of the
sample form a central region, possibly due to the smaller grain size. The HIPed value
and the one of a sample annealed for 4.5 hours at 450 C were close to the hardness
measured on the sample from a central area of the billet, highlighting the ability of
the material of retaining its microstructure even after heat treatment.
Three strengthening models were tested to describe the mechanical behaviour of
the spraycast materials: the rule of mixture, Hall-Petch strengthening and Orowan
strengthening. The rule of mixture and the Hall-Petch models were unable to describe
the behaviour of the material, the rst returned a value for the hardness almost the
double of the measured one, while the latter estimated a yield strength 2.5 lower
than the experimental one. The particle size and distance calculated using the Orowan
model were quite in agreement with the microstructural analysis. Amongst the three
strengthening mechanisms considered the Orowan model was the only one which was
in agreement with the experimental data.
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Conclusions
 Three Al binary intermetallics Al3Ti, Al13Cr2 and Al13Fe4, produced at Sheeld
University were studied using DSC, SEM, EDS, nanoindentation, synchrotron
x-ray and neutron diraction and EXAFS to obtain structural reference data
for the subsequent analysis of the complex Al-Fe-Cr-Ti alloy.
 The microstructure of a billet of 19 kg of the alloy Al93Fe3Cr2Ti2 composition,
produced at Oxford University by spraycasting, was investigated using DSC,
optical microscopy, SEM and TEM with EDS and SAD, synchrotron x-ray
diraction, -XRD and EXAFS. The mechanical properties were studied using,
Vickers hardness, tensile and compressive tests.
 Synchrotron x-ray and neutron diraction and EXAFS experiments were suc-
cessfully carried out on samples of the three aforementioned intemetallics.
The data of the the tetragonal D022 Al3Ti (space group I4/mmm) were tted
and the lattice parameters rened using Rietveld renement and EXAFS mod-
eling. The rened lattice parameters values were consistent with the literature.
The data of the monoclinic Al13Cr2 (space group C2/m) were successfully t-
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ted to the structural model published by Cooper [76] and the lattice parameters
rened using the Rietveld method. The rened lattice parameters both from
neutron and x-ray diraction were consistent with the literature.
Rietveld renement of x-ray and neutron diraction data of the monoclinic
Al13Fe4 (space group C2/m) was carried out and the lattice parameters rened.
The values obtained for the cell parameters matched the values reported in the
literature.
 The mechanical properties of the three intermetallic were investigated using
nanoindentation and values of the hardness and Young's modulus calculated.
 This investigation showed that spraycast was a suitable technique to produce a
nano-scale Al alloy with a complex microstructure and high volume fraction of
intermetallic particles capable of operating at elevated temperatures.
 The microstructure of the as-spraycast billet was complex and composed by
several distinct zones. A `swirl' appearance in which unremelted droplets and a
large weight fraction of intermetallic particles were embedded within waves of
material with a dierent microstructure and width of a few tens of microns.
 The surface contained regions with nano-scale particles and -Al grains with a
dendritic-type internal structure which were not present in the central region of
the billet. The intermetallic chemical compositions were of the kind Al-Ti-Zr,
Al-Ti-Cr-Zr, Al-Fe-Cr and Al-Fe-Cr-Ti. The Al-Fe-Cr and Al-Fe-Cr-Ti com-
positions matched closely the one reported in the literature for the icosahedral
phases and SAD pattern from an Al-Fe-Cr particle matched the 2-fold reection
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of the icosahedral.
 EXAFS and -XRD were successfully employed in the analysis of 20 µm10 µm2 µm
samples prepared using FIB.
 XRD underlined the diculty of using the standard ICDD cards for phase iden-
tication in the complex Al93Fe3Cr2Ti2.
Rietveld renement of the data from a surface and a bulk region of the spraycast
billet was successfully carried out assuming -Al, Al3Ti, Al13Cr2 and Al13Fe4.
The composition of the two samples was found to be similar, and in agree-
ment with the MTDATA calculation of the equilibrium condition. Dierences
were highlighted regarding the -Al grain size and the strain level. The surface
had grains with a size of 300 nm, in agreement with SEM and TEM. The
strain in the surface sample was found to be higher than the one in the bulk
sample, consistent with the solidication condition of the two zones of the billet.
 The investigation of the mechanical properties showed the tensile and compres-
sive strength of the HIPed and forged alloy between room temperature and
400C were higher than the value of a common Al alloy used for high tem-
perature application. The tensile properties were comparable to the literature
values of the same alloy composition produced as small samples of consolidated
material.
The Vickers hardness test showed that the HIP process did not aect the hard-
ness of the alloy demonstrating that the material can be heat treated without
a detrimental loss of mechanical properties.
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Further work
Further works will focus on the following objectives:
 Improve the quality of the Rietveld renement of the Al3Ti trying to introduce
anisotropic factors for the thermal parameters in order to verify the results
obtained from the EXAFS analysis, which employed an anisotropic model.
 Run EPMA experiments on a sample of the Al3Ti to clarify the chemical com-
position of the sample with more accuracy and conrm, or deny, the existence
of two dierent chemical compositions for this phase.
 Carry on the Rietveld renement of the x-ray and neutron data both of the
Al12Cr2 and Al13Fe4. Regarding the x-ray a fundamental parameters approach
will be employ to describe better the peak shape, while recollection of the
neutron diraction data using powder instead of a bulk rod has been already
taken into in order to reduced the eect of preferred orientation.
 Recollect the EXAFS data for the Al13Fe4 standard sample.
 Perform DAFS experiment using the B18 beamline at Diamond Light Source
on the Al12Cr2 and Al13Fe4 samples to record an EXAFS signal from each
crystallographic position of the absorber atoms, to be able in this way to rene
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the position of the icosahedra around the Cr and Fe atoms in the two complex
monoclinic structure.
 Carry on the EXAFS analysis of the FIBed samples.
 Perform HRTEM and STEM with EDS and SAD experiments on sample pre-
pared from the billet surface and centre to probe the existence of the icosahedral
phase within the spraycast billet.
 Run EELS in an HRTEM on the FIBed samples already analysed using EXAFS
at I18 and compare the results.
 Carry on the nanoindentation experiment both on the intermetallics and on the
spraycast billet with the aim to create a mechanical model able to describe the
behaviour of this alloy family.
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